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ABSTRACT 
Oxidation of n-Butylcyclohexane in the Low Temperature Region 
Robert H. Natelson 
David L. Miller, Ph.D. and Nicholas P. Cernansky, Ph.D. 
 
 
 
 
 For optimizing fuel flexibility, emissions, fuel economy, and power output, the 
use of chemical kinetic models coupled with computational fluid dynamics offers the 
potential for improving the design of combustion systems.  The development of kinetic 
models requires studying the combustion of the fuels at well-defined experimental 
conditions.  Because real fuels contain hundreds of components, using surrogates of key 
representative components has been recognized as an approach for developing models of 
real fuel combustion.  The present effort began with a focus on developing surrogates for 
jet and diesel fuels in the low temperature region, which is critical to autoignition in 
combustion systems.  Surrogates composed of n-decane, n-butylcyclohexane, and 
n-butylbenzene were tested in preignition oxidation experiments in a pressurized flow 
reactor at temperatures of 600-800 K and in autoignition experiments in a single cylinder 
research engine.  The alkylcyclohexane exhibited interesting behavior similar to alkanes.  
As a representative alkylcyclohexane, n-butylcyclohexane was further studied in the flow 
reactor with sampling followed by measurement of stable intermediate species using a 
gas chromatograph / flame ionization detector / mass spectrometer.  The measured 
species indicated that the n-butyl chain and the cyclohexane ring interact at low 
temperatures and result in low temperature reactivity similar to linear alkanes.  A semi-
global chemical kinetic model, composed of 30 species and 45 reactions, was developed 
to explain the behavior of n-butylcyclohexane oxidation in the low temperature region.  
 xiii
The model includes a kinetic mechanism file and thermochemistry file and predicts the 
low temperature reactivity of n-butylcyclohexane oxidation.  For further refinement of 
the underlying chemistry and to aid current jet fuel surrogate work, a semi-detailed 
chemical kinetic mechanism, composed of 41 species and 73 reactions, was developed 
and incorporated into an existing jet fuel surrogate model.  The model with the added 
mechanism predicts the low temperature reactivity.  
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CHAPTER 1.  INTRODUCTION 
 
1.1 Motivation 
 The United States Department of Defense Directive 4140.43 mandated JP-8 as the 
universal military fuel (U.S. Army TACOM, 2001).  JP-8 is a kerosene fuel similar to 
international commercial jet fuel Jet A-1 except for the inclusion of three additives – a 
fuel system icing inhibitor, a corrosion inhibitor, and a static dissipater additive.  The 
consequences of using JP-8 throughout all power systems including compression ignition 
(CI) engines include possible issues (e.g., ignition timing, power output, fuel flexibility, 
fuel economy, and emissions) arising with the behavior of the fuel at the preignition and 
autoignition conditions in the 600-1000 K temperature range.  Furthermore, applications 
of combustion knowledge in this temperature region may increase because of the 
development of advanced CI engines operating at lower temperatures (< 2000 K), 
designed to reduce particulate matter (soot) and nitrogen oxide and nitrogen dioxide (NOx) 
emissions (Akihama et al., 2001; Sjöberg and Dec, 2007; Dec, 2009).  To stabilize 
autoignition at these lower temperatures may require control of two-stage ignition.  The 
chemistry of combustion relevant for two-stage ignition is a complex process involving 
multiple competing temperature- and pressure-dependent reaction pathways and 
characterized by phenomena such as cool flames and Negative Temperature Coefficient 
(NTC) behavior.   
 For the prediction of fuel behavior under current engine combustion conditions 
and for the development of future, advanced engines, the ideal solution would be testing 
real fuels in the engines at representative experimental conditions.  However, this is 
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impossible for a number of reasons.  Real fuels such as JP-8 contain hundreds of 
components, with varying composition.  For JP-8, the varying composition arises because 
the specifications are broad to allow for easier, economical production.  Select 
specifications are shown in Table 1-1 and illustrate that JP-8 is defined by general 
chemical properties and distillation points.  Exact chemical composition is not specified; 
rather, general limits are applied, such as the maximum of 25.0% aromatics by volume.  
Even with average fuels of known composition, it is difficult to explain their ignition 
behavior in engine experiments considering the complexity of chemistry coupled with 
fluid mechanics and heat transfer (Vermeersch et al., 1991).  Furthermore, the task of 
testing fuels in current engines requires substantial commitments of time and money, and 
when considering new designs, the investment to physically construct prototypes can be 
excessive.  
 
 
 
Table 1-1: JP-8 specifications defined by MIL-DTL-83133E. 
Property Minimum Maximum 
Aromatics - 25.0% vol 
Alkenes - 5.0% vol 
Naphthalenes - 3.0% vol 
Total sulfur - 0.30% mass 
Distillation – 10% recovered - 205°C 
Evaporation point - 300°C 
Flash point 38°C - 
API gravity 37.0 51.0 
Freezing point - -47°C 
Heat of combustion 42.8 MJ/kg - 
Hydrogen content 13.4% mass - 
Fuel system icing inhibitor 0.10% vol 0.15% vol 
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 An alternative to physical testing is the simulation of combustion.  For 
reciprocating engine design optimization, once the engine parameters (e.g., engine 
geometry, valve timing, and fuel injection characteristics) are defined, the combustion of 
the fuel can be evaluated if the chemical kinetics (CK) and computational fluid dynamics 
(CFD) can describe the combustion behavior and transport.  CK and CFD models can 
also be coupled and incorporated for the design of other combustion systems, such as gas 
turbines.  However, the large number of components in real fuels is the limiting factor 
toward describing real fuel combustion with detailed CK.  Therefore, there is a 
recognized need in the combustion community for the development of surrogates, 
mixtures of a small number of components at known proportions that mimic the 
reactivity behavior of real fuels such as gasoline, diesel, and jet fuels (Colket et al., 2007 
& 2008; Farrell et al., 2007; Pitz et al., 2007).  The operating theory is that once a 
surrogate fuel has been tested and verified and its CK model developed, this surrogate 
fuel CK model can be coupled with CFD for the evaluation of the combustion of the real 
fuel. 
 
1.2 Objectives 
 As a component of the overall goal to develop and model a surrogate for 
hydrocarbon fuels, the objective of the present work was to characterize the oxidation 
behavior of alkylcycloalkanes in the low temperature region, as they represent a major 
component of real fuel.  n-Butylcyclohexane was selected as the primary focus of the 
study because it is reactive neat at low temperatures, unlike lighter alkylcyclohexanes, 
and because it approximates the size and structure of alkylcycloalkanes found in jet fuel.  
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Experiments evaluating n-butylcyclohexane oxidation were conducted neat and also as a 
component of jet and diesel fuel surrogates.  The neat n-butylcyclohexane experiment 
was compared to methylcyclohexane, a lighter alkylcyclohexane, in the same region of 
fuel-lean, low-temperature conditions.  Because n-butylcyclohexane, but not 
methylcyclohexane, exhibited reactivity behavior at these conditions, more detailed 
experiments were conducted to measure the stable intermediate species produced by 
n-butylcyclohexane oxidation.  The objective of these experiments was to determine the 
key reaction paths based on the species produced.  Using the data, the ultimate objective 
was the development of a chemical kinetic model describing the low temperature 
combustion of n-butylcyclohexane.  The goal of the model was to capture the general 
reactivity behavior of n-butylcyclohexane oxidation in the low temperature region; 
specifically, to predict a region of low temperature reactivity where carbon monoxide 
(the main indicator of reactivity) production increases with temperature, followed by a 
region where carbon monoxide decreases with increasing temperature, known as the NTC 
region. 
 
1.3 Approach 
 The completed research achievements are divided into four parts: 
1) Studies of the preignition and autoignition characteristics of jet and diesel fuel 
surrogates composed of three hydrocarbon components (n-decane, 
n-butylcyclohexane, and n-butylbenzene) in a pressurized flow reactor (PFR) and a 
single cylinder research engine, 
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2) Detailed experiments measuring the stable intermediate species of 
n-butylcyclohexane oxidation at low temperatures using the flow reactor coupled with 
a gas chromatograph / flame ionization detector / mass spectrometer, 
3) Development of a semi-global chemical kinetic model describing the low temperature 
oxidation of n-butylcyclohexane, and 
4) Development of a semi-detailed chemical kinetic mechanism describing the low 
temperature oxidation of n-butylcyclohexane that can be incorporated into an existing 
high temperature n-butylcyclohexane combustion model. 
 The purpose of the first part of this investigation was to aid in the development of 
a surrogate that reflects both the composition and physical properties of jet and diesel 
fuels and their reactivity behavior.  Previous jet fuel surrogates, typically with 4-14 
components, have been developed for specific applications (e.g., Wood et al., 1989; Violi 
et al., 2002; Agosta et al., 2004; Lenhert et al., 2007).  One possible diesel fuel surrogate 
for matching combustion behavior, 70% n-decane / 30% 1-methylnaphthalene by volume, 
has been developed and tested by Barths et al. (1999).  The current study concentrated on 
surrogates with three components as a level of complexity that could simultaneously 
capture the three hydrocarbon classes (alkane, cycloalkane, and aromatic) found at 
significant levels in jet and diesel fuels and maintain a small number of components for 
computational modeling.  These initial candidate components were the straight chain 
alkane n-decane (C10H22), the cycloalkane n-butylcyclohexane (C10H20), and the aromatic 
n-butylbenzene (C10H14), and they are representative of the structural complexity of 
molecules found in jet fuel and diesel fuel.  The surrogates were proportioned to match 
the composition and key properties of the real fuels.  The reactivity of the surrogates was 
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compared to that of an “average” jet fuel sample and a commercial U.S. diesel fuel.  For 
the measurement of carbon monoxide (CO) and carbon dioxide (CO2), a non-dispersive 
infrared analyzer was used online in the PFR facility.  In the low temperature region of 
hydrocarbon combustion, a key indicator of reactivity is the production of CO, which 
does not oxidize to CO2 at a significant rate at these conditions (Wilk et al., 1989).  To 
confirm the validity of the PFR experiments in more realistic combustion systems, 
additional experiments were conducted in a research engine.   
 The second objective was to identify and quantify the stable intermediate products 
of n-butylcyclohexane oxidation at low temperatures.  The non-dispersive infrared 
analyzer was used for online measurements of CO and CO2, and an electrochemical 
oxygen cell was used online for measuring O2.  Samples were also extracted and directly 
transferred from the PFR to a suite of chemical analyzers, including a gas chromatograph 
(GC) with a flame ionization detector (FID) and coupled to a mass spectrometer (MS) for 
the identification and quantification of stable intermediate species produced from 
oxidation in the PFR.  Mechanistic analysis, the process of elucidating chemical kinetic 
pathways based on intermediate speciation, was conducted. 
 Finally, utilizing the speciation data and the results of the mechanistic analysis in 
the second task, the third objective was to develop a chemical kinetic model describing 
the low temperature oxidation of n-butylcyclohexane.  Model development requires 
postulation of a set of reactions, selection of rate expressions for each reaction, and 
determination of the thermochemistry of all species involved in the reaction set.  The 
model is then analyzed with respect to its ability to describe the general reactivity trends 
of n-butylcyclohexane.  The reactions are selected to produce a species evolution profile 
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over the low temperature region approximating the experimental results.  All reaction rate 
parameters were selected from those of similar reactions in published models.  For 
species without published thermochemistry, the THERM software package was used to 
estimate the necessary data.  Such a model is considered successful if it can reproduce the 
general reactivity data of the experiments. 
 Additionally, a second chemical kinetic model was developed with more 
underlying chemistry.  This model used the general architecture of the first model but 
included more elementary reactions and required less global reactions.  As an immediate 
aid to current jet fuel surrogate work, the second model was developed as a mechanism 
for addition to an existing model.  The existing model is the only n-butylcyclohexane 
combustion model, but was developed for high temperatures.  The model with the added 
mechanism is considered successful if it can predict both stages of ignition. 
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CHAPTER 2.  BACKGROUND 
 
2.1 Hydrocarbon Oxidation Chemistry 
 The accepted theory of gas-phase combustion of hydrocarbons was developed by 
Semenov (1935).  The concentration history of radicals, species with an unpaired electron 
in the outer valence shell and thus highly reactive, controls the overall reaction rate.  
Chemical reactions are categorized into initiation, propagation, branching, and 
termination reactions, based on how they change the radical population.  Initiation 
reactions are those in which the parent fuel is first consumed, either by radical attack or 
thermal decomposition.  In propagation reactions, the number of radical products is the 
same as the number of radical reactants.  In branching reactions, there are more radical 
products; in termination reactions, there are fewer radical products.  Because key radicals 
are produced from reactions, which are exponentially dependent upon temperature, the 
hydrocarbon combustion phenomena is separated into several temperature regions.  The 
low and intermediate temperature regions, separated by the NTC phenomena, occur from 
approximately 500-1000 K, and the high temperature region occurs above 1000 K 
(Westbrook and Dryer, 1984).  The low temperature region is controlled by alkylperoxy 
radicals ( ), the intermediate temperature region is controlled by hydroperoxy ( ) 
and hydroxyl radicals ( ), and the high temperature region is controlled by hydroxyl, 
oxygen ( ), and hydrogen (
•
2OR
•
2OH
HO
•
•
O
•
H ) radicals.  The temperature limits shift with pressure; at 
higher pressure the transitions occur at higher temperatures.  Through extensive 
experimental testing and kinetic modeling, the general scheme of hydrocarbon 
combustion for linear alkanes of carbon numbers 3 and higher has been developed and 
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well-accepted (Griffiths, 1995; Simmie, 2003; Miller et al., 2005; Dagaut and Cathonnet, 
2006; Battin-Leclerc, 2008).   
 Figure 2-1 shows a schematic of reaction pathways for the oxidation of linear 
alkanes at low and intermediate temperatures.  Initially, hydrogen is abstracted from a 
parent fuel molecule, RH , to produce an alkyl radical, 
•
R .  Molecular oxygen addition to 
the alkyl radical produces an alkylperoxy radical, .  The alkylperoxy radical has a 
number of different possible pathways, including reaction sequences to produce: an alkyl 
radical and carbon monoxide; an alkoxy radical, , and a hydroxyl radical; two alkoxy 
radicals and molecular oxygen; two alkoxy radicals; and an isomerization reaction to 
produce an alkylhydroperoxy radical, .  This latter reaction is reversible, and is 
increasingly likely with molecules of higher carbon number.  If the temperature is high 
enough, may: decompose by β-scission
•
2OR
•
OR
HOOQ
•
HOOQ
•
1  to produce an alkene, RR = , and 
; or decompose to form an alkene, an aldehyde, RCHO , and a hydroxyl radical, 
; or it can undergo β-scission and subsequent molecular oxygen addition and further 
decomposition to ultimately yield an aldehyde, hydroperoxy and alkyl radicals, and 
carbon monoxide; or it can react with  to produce a peroxyalkylhydroperoxy radical, 
.  Subsequent isomerization of the peroxyalkylhydroperoxy radical produces 
an alkyldihydroperoxy radical, , which then decomposes to produce a 
ketohydroperoxide, , and .  Further decomposition of the 
•
2OH
HO
•
2O
HOOQOO
•
OOHRHOO
•
OROOH HO
•
                                                 
1 β-scission is the breaking of the carbon-carbon bond at the carbon atom one removed from the radical site 
(Law, 2006). 
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ketohydroperoxide produces another hydroxyl radical, an alkanoyl radical, , and an 
aldehyde.  The production and decomposition of the alkyldihydroperoxy radical is thus a 
key pathway for first-stage ignition, as two hydroxyl radicals are produced.  However, the 
first-stage ignition is terminated when temperature increases.  This can occur in a 
combustion engine because of exothermic reactions raising the temperature of the gases, 
or it can be simulated in a laboratory reactor by raising the temperature of the reactant 
gases.  As some of the reversible steps are exothermic at higher temperatures, they may 
revert to the formation of an alkyl radical and  from an alkylperoxy radical.  This 
produces the NTC region, where overall reactivity of the fuel decreases because fewer 
radicals, particularly hydroxyl radicals, are produced.  The alkyl radical can decompose 
by β-scission to produce a smaller alkyl radical and an alkene.  If the temperature 
increases to approximately 900 K, the intermediate temperature region reactions become 
important, and the alkyl radical reacts with  to produce a hydroperoxy radical and an 
alkene.   
OR
•
2O
2O
 Reaction of  with a parent fuel molecule produces hydrogen peroxide, 
, and an alkyl radical.  The decomposition of hydrogen peroxide, when the 
temperature is high enough, produces two hydroxyl radicals.  This is a trigger of second-
stage ignition.  The hydroxyl radicals then react with fuel molecules to produce alkyl 
radicals and , which, with the corresponding liberation of heat, drives the high 
temperature combustion of the fuel.  The turnover to  control of reactivity and heat 
release signifies the transition to the high temperature reaction regime. 
•
2OH
22OH
OH 2
HO
•
 11
 The reactivity of the fuel, as monitored by CO production, in the low temperature 
region is shown in Figure 2-2.  As temperature increases, reactivity increases and CO is 
produced from the decomposition of species such as alkoxy and alkanoyl radicals.  When 
the temperature increases enough, CO production decreases because in the NTC region, 
 is decomposing to 
•
2OR
•
R  and .  The alkyl radicals are then decomposing without 
reacting with oxygen. 
2O
 
 
 
 
HOORROOHRORRRH RHMOH &&&&& +⎯→⎯+⎯⎯ →⎯⎯⎯ →←⎯→⎯ +++− 22
2OH &+22OH
&+
ROOHOH +2&
ROOHO +2
COROCROHCHOROR MO +′⎯→⎯′+⎯→⎯′+′′ ++ &&&& 22
2' OOROR ++ &&
OROR && '+
2'OR &+
RH+
CORORCOHRCHOOHROOHQ MO +⎯→⎯+⎯→⎯+⎯→⎯ ++ &&&&& 22'β
β RROH ′=+2&
HOCHORRR &+′′+′=
RRHO ′−+&
O
OQOOHOHOOQOOHR RH && ⎯⎯ ⎯←+ +
CHORORHOOROOHHOOOHRHOO ′′+′+⎯→+⎯→ &&&&
RRR ′′=′+&
β
MO ++ 2
RROH ′=+2&
β
ROH &+22
HO&2 2O+
 
Figure 2-1: Schematic of oxidation of linear alkane hydrocarbons, C3+. 
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Figure 2-2: CO as an indicator of reactivity at low temperatures. 
 
 
 
2.2 Previous Cycloalkane Work 
 A recent world survey average estimated that jet fuel consists of 21% mono-, bi-, 
and tri-cycloalkanes (Holley et al., 2007).  In another study, a detailed analysis of JP-8 
and a coal-derived jet fuel identified several alkylated cycloalkanes (Smith and Bruno, 
2007).  Therefore one of the cyclohexanes is an obvious candidate as a component of a 
surrogate for jet fuel.  For this study, n-butylcyclohexane was selected as a potential jet 
fuel surrogate component.   
 Cycloalkanes with long alkyl chains are similar to those found in jet fuel, but few 
studies have explored their oxidation chemistry in detail.  Dagaut and co-workers studied 
n-propylcyclohexane oxidation in a jet-stirred reactor at atmospheric pressure and 
950-1250 K temperatures, at 0.5-1.5 equivalence ratios and 70 ms residence time (Ristori 
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et al., 2001).  The major intermediates identified were ethene, propene, and 1,3-butadiene.  
Further studies explored the use of n-propylcyclohexane as a component of a jet fuel 
surrogate (Dagaut et al., 2006).   
 Also of importance are past experiments and modeling of simple cycloalkanes.  
Dagaut and co-workers studied the oxidation of cyclohexane in a jet-stirred reactor at 
850-1250 K temperatures, 0.5-1.5 equivalence ratios, and 0.1-1.0 MPa pressures (El 
Bakali et al., 2000).  Major species measured by GC included CO, CO2, formaldehyde, 
methane, ethene, propene, acetylene, 1,3-butadiene, cyclopentene, cyclohexadiene, 
1-hexene, cyclohexene, and benzene, as well as other light hydrocarbons and oxygenates.  
A kinetic model involving 107 species and 771 reversible reactions was developed to 
explain the experimental results.  The main initiators of reactivity were H-abstraction via 
hydroxyl and oxygen radicals to yield cyclohexyl radicals.  The cyclohexyl radical 
underwent β-scission to produce an alkene and an alkyl radical, with the latter repeating 
the β-scission process.  Accordingly, low temperature reactivity was not observed by the 
experiments or captured in the model. 
 Minetti and co-workers studied low temperature cyclohexane oxidation in a rapid 
compression machine at 600-900 K, 0.7-1.4 MPa, and stoichiometric equivalence ratio 
(Lemaire et al., 2001).  The main intermediates measured were conjugated species2 
(cyclohexene, cyclohexa-1,3-diene, and benzene), a ketone (cyclohexanone), bicyclic 
epoxides (1,2-epoxycyclohexane, 1,3-epoxycyclohexane, and 1,4-epoxycyclohexane), 
and an unsaturated aliphatic aldehyde (hex-5-enal).  Based on the traditional low 
temperature alkane oxidation pathway, it was suggested that hydroxyl radical initially 
                                                 
2 In combustion chemistry, the term conjugated species, relative to a given parent fuel, refers to a species of 
the same carbon number as the parent fuel but of a different class (Battin-Leclerc, 2008). 
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abstracts hydrogen from cyclohexane to yield a cyclohexyl radical, followed by 
molecular oxygen addition.  Isomerization followed by ring opening yielded hex-5-enal 
and hydroxyl radical.  Isomerization also led to the production of 1,3-epoxycyclohexane 
if the ring did not open. 
 In the same rapid compression machine facility, Minetti and co-workers also 
studied the oxidation of cyclohexene at 650-900 K, 0.76-1.58 MPa, and stoichiometric 
equivalence ratio (Ribaucour et al., 2002).  A detailed kinetic model composed of 136 
species and 1064 reactions was developed to predict the low temperature oxidation of 
cyclohexene.  Similar to the reduced reactivity of linear alkenes compared to linear 
alkanes, the results showed that cyclohexene is less reactive than cyclohexane.  The 
model included two sequences of molecular oxygen addition prior to decomposition to 
the ketone-substituted cyclic species.  The ignition delays of cyclohexane, cyclohexene, 
and 1,3-cyclohexadiene have also been measured in a rapid compression machine by 
Tanaka et al. (2003). 
 Cathonnet and co-workers measured intermediates from cyclohexane oxidation in 
a jet-stirred reactor at 750-1100 K, 1 MPa pressure, 0.5 s residence time, and 0.5-
1.5 equivalence ratios (Voisin et al., 1998).  The experimental conditions thus did not 
include the low temperature region.  The most important intermediates measured were 
ethene, 1,3-butadiene, and propene.  A model of 714 reactions, including a mechanism of 
lighter molecules previously developed, was produced.  While model comparisons were 
good, it was noted that more kinetic studies into the reaction of 1,2-cyclohexenyl radical 
with molecular oxygen would be helpful. 
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 Walker and co-worker measured the reaction rate parameter of hydroperoxy 
radical abstracting hydrogen from cyclohexane by conducting experiments in an aged 
boric-acid-coated vessel where the radical is produced from tetramethylbutane oxidation 
and is not reactive with the surface (Handford-Styring and Walker, 2001).  Experiments 
were conducted at 673-773 K and at 15 Torr pressure to reduce the production of OH, 
which would have been mainly formed by hydrogen peroxide decomposition but the 
reaction was not prevalent because of the low pressure. 
 Battin-Leclerc and co-workers developed a kinetic model of 513 species and 
2,446 reactions describing cyclohexane oxidation at 650-1050 K, encompassing the low 
and intermediate temperature regions (Buda et al., 2006).  They found that the activation 
energy to form a six-member bicyclic transition state, which is a path for cyclic ethers 
attached to cyclohexane rings, is 8 kcal/mol higher for cyclohexane than for linear 
alkanes.  At 750 K, this translates to a rate constant of about 200 times lower for 
cyclohexane compared to the linear alkane.  Furthermore, the model included two steps 
of oxygen addition to the species.  Key reactions included the decomposition of the 
cyclohexylhydroperoxy radical via β-scission to produce cyclohexanone and OH.  Many 
reaction rates were assumed equivalent or similar to alkane pathways.  This was based on 
the similarities between the classes.  For example, the bond-dissociation energy of the 
C-H bond in cyclohexane is 99.5 kcal/mol and thus very near the secondary C-H bond of 
n-butane, 99.3 kcal/mol. 
 Pitz and co-workers presented a detailed kinetic model describing cyclohexane 
oxidation at low and high temperatures (Silke et al., 2007).  At lower temperatures, the 
dominant path was hydrogen abstraction via hydroxyl or other radicals, followed by 
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molecular oxygen addition to yield the cyclohexylperoxy radical, which isomerized to 
form the hydroperoxycyclohexyl radical.  The hydroperoxycyclohexyl radical either 
decomposed to form a cyclic ether, or underwent further molecular oxygen addition to 
yield the peroxyhydroperoxycyclohexyl radical.  This radical isomerized to form the 
ketohydroperoxide species and a hydroxyl radical.  The ketohydroperoxide decomposed 
to produce a second hydroxyl radical and other species.  Thus, the traditional low 
temperature pathway of alkanes was extended to cyclohexane.  A key difference was the 
calculation of new pre-exponential factors and activation energies using detailed potential 
energy surfaces from quantum mechanics for the isomerization of cyclohexylperoxy 
radical to hydroperoxycyclohexyl radical.  The new values led to lower reaction rates 
compared to the alkane analog of alkylperoxy radical isomerizing to alkylhydroperoxy 
radical.  Another key difference, compared to alkanes, was an alternative pathway, 
estimated from quantum mechanics calculations, for the peroxyhydroperoxycyclohexyl 
radical, in which the peroxyhydroperoxycyclohexyl radical isomerized rather than 
immediately decomposed.  Silke et al. argued that the additional strain in the ring allowed 
for such complex isomerizations to occur for cyclohexane. 
 Ranzi and co-workers also developed a chemical kinetic model for cyclohexane 
(Cavallotti et al., 2007).  Density functional theory was used to model the structure of 
species and reaction energies.  After the cyclohexyl radical was produced and molecular 
oxygen added to yield the cyclohexylperoxy radical, the species could isomerize to one of 
three cyclohexylhydroperoxy radicals and then either follow a traditional low temperature 
pathway for ketohydroperoxide formation and decomposition, or produce a cycloalkene 
and hydroperoxy radical.  The researchers previously developed a chemical kinetic model 
 17
for cyclohexane by deriving rate parameters from similar linear and branched alkanes 
(Granata et al., 2003).  The model used many lumped species and reactions by assuming 
equivalent rates for isomers.  After two sequences of O2 addition to the cyclohexyl 
radical and decomposition to the cycloketohydroperoxide, the latter species decomposed 
to form hydroxyl radical, acetaldehyde, ethenone, and ethene. 
 Pitz and co-workers also developed a chemical kinetic model for 
methylcyclohexane oxidation, with validation experiments conducted in a rapid 
compression machine measuring ignition delay times (Pitz et al., 2007).  In the low 
temperature pathway, molecular oxygen addition to the methyl carbon or the tertiary 
cyclic carbon was assumed to have the same rate constant as addition to a primary and 
tertiary alkyl radical, respectively.  Molecular oxygen addition to the secondary cyclic 
carbons was assumed to have the same rate constant as addition to a secondary alkyl 
carbon.  Using transition state theory, rate constants for the isomerization of 
methylcyclohexylperoxy radicals to methylcyclohexylhydroperoxy radicals were 
calculated.   
 Yang and Boehman (2009) conducted experiments on the oxidation of 
cyclohexane and methylcyclohexane in a motored engine at 393-473 K intake 
temperatures, 4-15 compression ratios, and 0.25 equivalence ratio.  Major intermediates 
in the low temperature region were conjugated alkenes.  Large oxygenates such as 
5-hexen-1-al, 1,2-epoxycyclohexane, 1,4-epoxycyclohexane, and cyclohexanone were 
also measured.  For methylcyclohexane, the key pathway that led to low temperature 
branching was hydrogen abstraction from the methyl carbon, followed by molecular 
oxygen addition, followed by internal hydrogen abstraction from the meta-carbon relative 
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to the tertiary carbon (thus requiring a six-ring transition state), and then molecular 
oxygen addition to the radical carbon. 
 It is also important to note high temperature experiments and modeling of 
cycloalkanes.  Curran and co-workers studied the oxidation of methylcyclohexane in a 
shock tube at 1200-2100 K temperatures, 0.1-0.4 MPa pressures, and 0.5-2.0 equivalence 
ratios (Orme et al., 2006).  Ignition delay times were measured and decreased with 
increasing pressure.  Ignition delay as a function of equivalence ratio exhibited a more 
complex relationship that was nonlinear and dependent upon oxygen and fuel 
concentrations.  A detailed kinetic model consisting of 190 species and 904 reversible 
reactions was developed based on the results.  The model included hydrogen abstraction 
and internal hydrogen isomerization and subsequent ring opening and decomposition to 
alkenes, dienes, and other small species.   
 Oehlschlaeger and co-workers measured ignition delay times for cyclopentane 
and cyclohexane in a shock tube by monitoring hydroxyl radical emission (Daley et al., 
2008).  Experiments were conducted from 850-1380 K, 1.1-6.1 MPa pressures, and 0.25-
1.0 equivalence ratios.  No NTC behavior was observed.  The model of Silke et al. (2007) 
predicted the results well.  Further studies in this facility measured ignition delay times of 
decalin at 990-1300 K, 0.9-4.8 MPa pressures, and 0.5-1.0 equivalence ratios 
(Oehlschlaeger et al., 2009). 
 Battin-Leclerc and co-workers also measured ignition delays for cyclopentane and 
cyclohexane in a shock tube by monitoring OH emission (Sirjean et al., 2007).  Behind 
reflected shock waves, the experimental conditions were 1230-1840 K, 0.73-0.95 MPa, 
and 0.5-2 equivalence ratios.  It was found that cyclohexane is 10 times more reactive 
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than cyclopentane.  A model considering high temperature combustion of cyclohexane, 
with ring decomposition to alkenes and alkyl radicals, was developed. 
 Cyclohexane pyrolysis experiments were conducted in a sub-atmospheric shock 
tube at 1300-2000 K temperatures (Kiefer et al., 2009).  Cyclohexane isomerized to 
1-hexene, and then 1-hexene decomposed to smaller species.  A model with 30 species 
and 79 reactions was developed to explain the results. 
 Soot was measured from a stabilized cyclohexane flame and results were 
compared to soot measurements from two linear C6 hydrocarbons, n-hexane and 
1-hexene (Ciajolo et al., 2009).  It was found that cyclohexane has an additional fast 
reaction pathway for soot production compared to the linear hydrocarbons.  
Dehydrogenation of cyclohexane produces cyclohexene, which is followed by subsequent 
dehydrogenation to cyclohexadiene, which quickly dehydrogenates to benzene, a key 
soot precursor.  Another study of cyclohexane flames also identified that the pathway for 
soot formation is from benzene, which is produced from dehydrogenation of the ring 
(Zhang et al., 2007).  This was also confirmed by Westmoreland and co-workers, who 
used molecular beam mass spectrometry to measure the C6 intermediates from 
cyclohexane flames (Law et al., 2007). 
 As a means of incorporating temperature- and pressure-dependent reaction rates 
in mechanism reduction, an automated method for computing reaction rates was 
developed for reactions involving cycloalkyl radicals (Matheu et al., 2003).  Using the 
method, they identified over 90 isomers and 200 product channels from the reaction of 
cyclohexene and hydrogen radical.  The method aids in incorporating pressure-
dependence in mechanism development.  Another effort calculated the decomposition of 
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the cycloalkyl radical using quantum chemical calculations (Sirjean et al., 2008).  
Arrhenius expressions were determined for 500-2000 K temperature and at atmospheric 
pressure.  The cycloalkyl radical decomposition routes yielded various species included 
unsaturated alkyl radicals and cycloalkenes. 
 The electronic absorption spectra of cyclopentylperoxy and cyclohexylperoxy 
radicals were determined experimentally and computationally (Thomas et al., 2010).  The 
radicals were generated using oxalyl chloride photolysis and measured by cavity 
ringdown spectroscopy.  Calculations for the geometry of the species were performed 
using quantum chemical software.  It was found through both experiments and 
simulations that the gauche conformation of the peroxy function relative to the cyclic 
group, rather than the cis conformation, was preferred.  In another recent fundamental 
chemistry study, the photoionization cross sections for cyclopentene and cyclohexane 
were measured with photoionization mass spectrometry (Cool et al., 2005).  The data 
improve the database for mass spectra of the hydrocarbons. 
 In summary, light alkylcycloalkanes have been evaluated, experimentally in flow 
reactor, shock tube, and rapid compression machine experiments, and computationally 
with chemical kinetic models, quantum mechanics calculations, and automatic 
mechanism generation methods.  The present study is the first endeavor at a heavier 
alkylcycloalkane.  The goals include experiments and an initial modeling effort.  This 
modeling effort is limited by the greater complexity of a heavier alkylcycloalkane and by 
the larger number of oxidation reactions at lower temperatures.  While the present 
modeling may seem simple relative to the past studies of lighter alkylcycloalkanes, the 
present model will still provide a key foundation for future work. 
 21
CHAPTER 3.  EXPERIMENTAL SETUP 
 
3.1 Pressurized Flow Reactor Facility 
 The low temperature experiments were conducted in the pressurized flow reactor 
(PFR) facility at Drexel University.  The PFR is a plug flow reactor designed to study the 
chemistry of hydrocarbon combustion with relative isolation from the effects of fluid 
mechanics and heat transfer (Koert and Cernansky, 1992).  The PFR was originally 
designed and constructed in 1990 and the design details are presented in Koert (1990).  
Updates to the facility have occurred since 1990, such as a method for calculating 
mixture inlet temperatures (Ramotowski, 1992), an updated data acquisition system 
(Kumar, 1994), a Fourier transform infrared spectrometry (FTIR) technique for species 
measurements (Khan, 1998), the installations of a 3-kW heater (Wang, 1999), a high-
pressure fuel syringe pump (Agosta, 2002), a GC/MS/FID analytical setup (Lenhert, 
2004a), a Windows-based computer for data acquisition with an upgraded LabVIEW 
program (Lenhert, 2004b), and updated air circulation and bead heaters (Kurman, 2009), 
and a methodology for directly injecting product samples to the GC/MS/FID (Kurman, 
2010).  The main features of the facility, shown in Figure 3-1, and the operational 
methodology will now be described. 
 To perform an experiment, nitrogen and oxygen are mixed to form a synthetic air 
free of contaminants.  This synthetic air is heated to the reaction temperature with 10-kW 
and 3-kW heaters.  Liquid fuel from the syringe pump is injected into the centerline of a 
heated nitrogen stream.  This injection occurs one meter from the reactor inlet to ensure 
complete vaporization and mixing.  The synthetic air and the prevaporized fuel/nitrogen 
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mixture are rapidly mixed in an opposed jet annular mixing nozzle at the entrance of the 
quartz reactor tube, which is within the pressure vessel of the PFR.  The nitrogen dilution 
of the fuel limits temperature rise due to heat release.  In order to promote temperature 
uniformity, the walls of the pressure vessel are heated by nine independently controlled 
800-W bead heaters.  A correlation between reactor temperature rise and low temperature 
reactivity was developed based on a steady-state experiment for a similar hydrocarbon, 
n-dodecane, at a similar fuel concentration and equivalence ratio.  For the conditions of 
the present experiments, the temperature rise due to heat release, ∆T, is given in Eq. 3-1 
as a function of the CO production.  Thus the temperature rise varies from 23 K at 
maximum reactivity to 0 K at no reactivity for the experiments in Ch. 6. 
                                                                                  (3-1) ][014.0][ ppmCOKT ×=∆
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Figure 3-1: Schematic of the PFR. 
 
 
 23
 A water-cooled, glass-lined stainless steel probe extracts samples from the 
centerline of the quartz reactor tube and quenches the chemical reactions.  Sample 
temperatures are measured using a type-K thermocouple integrated into the probe 
assembly.  For each experiment in Ch. 4 of this study, a controlled cool down (CCD) 
methodology was followed so that the PFR was operated over a range of temperatures at 
a constant residence time and pressure.  Measurements during the CCD allow creation of 
a “reactivity map” of the fuel.  An experiment was started at the maximum temperature, 
and then the heaters were shut off and the reactor cooled at a rate of 2-5 K/min.  Because 
decreasing temperature caused the density of the gas mixture to increase, the probe 
position was adjusted inward to maintain a constant residence time.  The extracted gas 
samples continuously flowed through a heated sample line to a non-dispersive infrared 
(NDIR) analyzer for CO and CO2 measurements.  Modifications to the PFR facility and 
the CCD methodology were made prior to the Ch. 6 experiments and are described in Sec. 
3.3.  Instrumental uncertainty is ± 50 ppm for CO and ± 100 ppm for CO2 for Ch. 4 
experiments conducted with the Siemens Ultramat 22P NDIR analyzer and ± 25 ppm for 
CO and CO2 for Ch. 6 experiments conducted with the Siemens Ultramat 23.   
 All experiments were conducted at fuel-lean conditions, such that the equivalence 
ratio φ < 1.  This is done for practical reasons because reducing the equivalence ratio 
reduces the temperature rise due to heat release and reduces the undesired possibility of 
the mixture undergoing hot ignition, and for application reasons since future advanced CI 
engines may operate at lean conditions.  The equivalence ratio is traditionally defined as 
the ratio of the actual fuel / oxidizer mixture to the stoichiometric fuel / oxidizer mixture.  
Specifically, Eq. 3-2 gives 
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The values x, y, and z refer to the amounts of carbon, hydrogen, and oxygen in the fuel, 
according to Eq. 3-3 
 22222 76.32
)76.3(* aNOHyxCONOaOHC zyx ++→++                               (3-3) 
For these experiments, φ is selected and the molecular formula of the selected fuel (x, y, 
and z) is determined, and then a is calculated. 
 
3.2 Single Cylinder Research Engine Facility 
 The research engine facility (Figure 3-2) is based on a single cylinder Cooperative 
Fuel Research (CFR) engine, modified for Premixed Compression Ignition (PCI) 
operation and coupled to a dynamometer.  The facility has been used extensively at 
Drexel University to study the autoignition and combustion of hydrocarbon fuel 
components and blends (e.g., Gong, 2005; Johnson, 2007; Johnson et al., 2005).  The key 
feature of this engine is a movable cylinder head that allows variation of the compression 
ratio from 4:1 to 18:1.  The bore is 8.25 cm, the stroke is 11.43 cm, and the displacement 
is 611.6 cm3.  The intake valve opening (IVO), intake valve closing (IVC), exhaust valve 
opening (EVO), and exhaust valve closing (EVC) were 10° bTDC, 34° aBDC, 40° bBDC, 
and 15° aTDC, respectively, where TDC represents the piston at the top position, BDC is 
the piston at the bottom position, and a and b are after and before.  Figure 3-3 shows a 
schematic of the engine at TDC, identifying key components and definitions.  Engine 
geometry and operating conditions are listed in Table 3-1.  To correlate the method of 
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presenting in-cylinder pressure data as a function of crankshaft position with the physical 
process of a four-stroke engine, Figure 3-4 shows the crankshaft and other parts at key 
positions throughout the two-rotation cycle.  Figure 3-4(a) shows a schematic of the 
engine at IVO.  The intake stroke then occurs as fuel and air enter.  Figure 3-4(b) shows a 
schematic at IVC, when the cylinder has unburned fuel and air.  Next, the compression 
stroke occurs as the piston moves upward, followed by the power stroke, as the mixture 
ignites due to decreasing volume and subsequent increasing pressure.  Figure 3-4(c) 
shows the engine at EVO, followed by the exhaust stroke as combustion products exit the 
cylinder.  Figure 3-4(d) shows the engine at EVC.  As seen in Fig. 3-4 and as with most 
engines, there is a valve overlap period, such that before the exhaust valve closes, the 
intake valve opens for the following cycle.  
 The fuels were injected into the air stream of the heated inlet manifold well 
upstream of the intake valve to assure complete vaporization and mixing.  The inlet 
temperature was set to 500 K, the inlet manifold pressure was 0.1 MPa, the equivalence 
ratio of the fuel-air mixture was 0.23, the compression ratio was varied between 14:1, 
15:1, and 16:1, and the engine was operated at a speed of 800 RPM.   
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Figure 3-2: Schematic of the single cylinder research engine. 
 
 
 
Table 3-1: Engine geometry and operating conditions. 
Compression ratio 4:1 – 18:1 IVO 10° bTDC 
Bore 8.25 m IVC 34° aBDC 
Stroke 11.43 cm EVO 40° bBDC 
Displacement 611.6 cm3 EVC 15° aTDC 
    
Inlet temperature 500 K Equivalence ratio 0.23 
Inlet pressure 0.1 MPa Compression ratios 14:1, 15:1, 16:1 
Speed 800 RPM   
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Figure 3-3: Engine schematic at TDC.  Not drawn to scale. 
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Figure 3-4: Engine piston position at (a) IVO (10° bTDC), (b) IVC (34° aBDC), (c) 
EVO 40° bBDC), and (d) EVC (15° aTDC). 
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 In-cylinder pressure was measured with a piezoelectric pressure transducer at the 
port mounted in the cylinder head.  Pressure was measured as a function of the crankshaft 
position, which was measured with a shaft encoder.  Uncertainty in the crankshaft 
position is ±0.2 crank angle degrees (CAD).  Each pressure trace shown is the average of 
100 cycles with a coefficient of variation ≤ 5%.  When characterizing the autoignition of 
fuels by their pressure traces, it is important to account for any pressure rise due to self-
reactive heating.  To examine the effect reactive self-heating of the mixture has on 
experimental autoignition timing, isentropic, non-reactive compression temperatures 
(T∆S=0, Fuel/Air) were calculated. 
 Assuming Ideal Gas behavior, Eq. 3-4 expresses the non-reactive, isentropic in-
cylinder temperature (T∆S=0, Fuel/Air) for each crank angle after IVC. 
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Here V@IVC is the volume at IVC, P@IVC is the pressure at IVC (0.1 MPa), V is the 
instantaneous volume, n is the number of moles in the fuel/air mixture, and R is the 
universal gas constant.  V is calculated as a function of crank angle using the engine 
geometry and standard piston motion equations (Ferguson and Kirkpatrick, 2001), 
Eq. 3-5 
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Here cra is the crank radius (0.05715 m), CAD is the crank angle degree, cro is the 
connecting rod length (0.254 m), and b is the bore.  The combustion chamber clearance 
volume Vc is from Eq. 3-6 
 
1
4
2
−= CR
sb
Vc
π
                                                                                                         (3-6) 
Here s is the stroke and CR is the compression ratio. 
 The specific heat ratio γ in Eq. 3-4 was calculated using the temperature-
dependent specific heats.  Polynomial equations for the gas-phase specific heat at 
constant pressure (Cp,g) for N2 and O2 are available from the literature (Chase, 1998).  A 
natural logarithmic equation for Cp,g of n-decane was formulated based on results 
reported in the temperature range of 273-1500 K (Scott, 1974).  The liquid-phase specific 
heat capacity for n-butylcyclohexane was experimentally determined at temperatures up 
to 370 K (Finke et al., 1965) and values were extrapolated to 1000 K (Stull et al., 1969).  
Because temperatures are higher for the present effort, Cp,g for n-butylcyclohexane was 
calculated based on the Benson group additivity method, with coefficients from the 
literature for the cyclohexane secondary carbons, cyclohexane tertiary carbon, alkane 
secondary carbons, and alkane primary carbon (Cohen and Benson, 1993).  Coefficients 
for the aromatic secondary carbons in n-butylbenzene were calculated by developing and 
solving a system of four linear equations, each of the form in Eq. 3-7 
                                                                             (3-7) 34
2
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Comparison of the calculated values to the published data was good. 
 Liquid-phase specific heat capacity for n-butylbenzene was determined 
experimentally at temperatures up to 370 K (Messerly et al., 1965) and values were 
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extrapolated to 1000 K (Stull et al., 1969).  Because temperatures are higher for the 
present effort, data for Cp,g of benzene at four temperatures, T, in the range of 
500-1200 K (Thermodynamics Research Center, 1997) were used to solve the equations 
for the coefficients, a1, a2, a3, and a4, for the aromatic secondary carbon.  Then, 
coefficients for the aromatic tertiary carbon in n-butylbenzene were calculated by 
incorporating the calculated coefficients for the aromatic secondary carbons based on 
Thermodynamics Research Center (1997) and the alkane primary carbon data from 
Cohen and Benson (1993) and using this with data for Cp,g of toluene at four temperatures 
in the range of 500-1200 K (Draeger, 1985) and solving the equations for the aromatic 
tertiary carbon coefficients.  Once the coefficients for the aromatic secondary carbons 
and the aromatic tertiary carbon were determined, Cp,g for n-butylbenzene was calculated.  
Natural logarithms and polynomials are common formats for relating the temperature-
dependence of specific heat capacity at constant pressure. 
 Calculations for T∆S=0, Fuel/Air of the JP-8 samples used in this study were not 
conducted.  Smith and Bruno (2007) worked on JP-8 characterization and identified and 
quantified 24 components at the 70% distillate fraction.  Because these hydrocarbons 
included various linear and branched alkanes and alkylated cycloalkanes that do not have 
temperature-dependent specific heat values readily available, and because a significant 
proportion of the components are still lacking, any attempt at calculating Cp,g would have 
led to a large uncertainty.  Nevertheless, the calculations from the surrogate mixtures are 
sufficient to show that the fuel-lean conditions of these experiments reduced any potential 
concerns for heating of the fuel to affect the pressure rise in the engine. 
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 For comparison to experiments, the in-cylinder temperature rise, according to 
calculations for non-reactive, isentropic conditions, is shown in Figure 3-5.  At the given 
engine speed, the time duration is 30.2 ms from IVC at 214 CAD to TDC.  Thus, at TDC, 
T∆S=0, Fuel/Air = 1162, 1185, and 1207 K at compression ratios of 14:1, 15:1, and 16:1, 
respectively.  From IVC to TDC, the temperature range is 500-1207 K and the pressure 
range is 0.1-5 MPa for non-reactive, isentropic conditions.  In the PFR, the low 
temperature region begins around 600 K when the pressure is 0.8 MPa.  However, 
because increasing pressure shifts the temperature regions to higher temperatures, the low 
temperature region in the engine may begin at T∆S=0, Fuel/Air > 600 K.  Specifically, 600 K 
is at 272 CAD in Fig. 3-5.  The point of low temperature reactivity in the engine should 
occur at some CAD greater than 272, although the coupling of temperature and pressure, 
as well as equivalence ratio, makes an exact determination difficult. 
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Figure 3-5: Temperature rise (calculated) due to isentropic compression of air at 
engine conditions, time = 0 ms at IVC and time = 30.2 ms at TDC, for: (···) 14:1; 
(- - -) 15:1; and ( ) 16:1 compression ratios.___
 
 
 
3.3 Analytical Chemistry Facility 
 During the Ch. 6 PFR experiments, a Direct Transfer Controlled Cool Down (DT-
CCD) methodology was utilized to minimize the time between sample collection and 
analysis.  The analytical chemistry facility consists of a gas chromatograph with a flame 
ionization detector coupled to a mass spectrometer (GC/MS/FID) (Lenhert et al., 2009).  
The GC/MS/FID is located a few meters from the exit of the PFR facility so that samples 
can be rapidly directed from the PFR to the GC.  During the DT-CCD, the reactor 
temperature is allowed to cool and re-stabilized at each sampling point by adjusting the 
heaters.  Samples continuously flow at 0.025 L/s from the exit of the PFR through a 
heated borosilicate glass-lined stainless steel tube to a heated three-way valve.  From the 
three-way valve, the flow is sent to a nondispersive infrared (NDIR) analyzer for CO and 
CO2 measurements (±25 ppm uncertainty) and an electrochemical cell for O2 
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measurements (±1250 ppm uncertainty).  When a sample is desired for detailed 
measurements, the sample temperature is held constant so that CO, CO2, and O2 levels 
remain steady.  The three-way valve is then adjusted so that the sample rapidly fills a 
heated, evacuated 1-mL stainless steel sample loop to 76 kPa.  A pressure transducer 
confirmed no leaks were present.  This injection pressure maintained consistency with 
previous PFR experiments using the sample storage cart, where the select pressure 
allowed for a repeat injection if the first analysis failed.  The sample is then injected onto 
the column.  The quenching time, defined as lowering the sample below 473 K, is 1 ms.  
Sample transfer time after quenching to fill the 1-mL sample loop is < 1 s.  The GC pre-
injection time, from the 1-mL sample loop, through an internal heated transfer line, and 
to the column, is 180 s.  To determine the initial fuel concentration, a fuel calibration 
sample (fuel and N2) is extracted at a temperature above the NTC region where the low 
temperature reactivity has ceased (typically 835 K) and directed to the GC/MS/FID after 
flowing through the PFR.  The GC chromatogram from the fuel calibration sample 
showed no additional species, confirming fuel stability during the sampling process. 
 The GC used a polydimethylsiloxane-based Supelco Petrocol DH capillary 
column (100-m length, 0.5-µm film thickness, 0.25-mm OD, 1250 Phase Ratio (β)) for 
species separation; this column was designed for gasoline component separation.  To aid 
in separation of lighter species, the GC column oven was temperature programmed from 
subambient temperatures, using liquid CO2 cooling, to 253 K.  Table 3-2 shows the 
temperature program for the GC. 
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Table 3-2: GC/MS operating parameters. 
Gas Chromatograph  Mass Spectrometer  
Initial Temperature -20 °C Ion Source Temperature 200 °C 
Initial Time 5 min Scan Range 10-250 amu/z 
Ramp 1 Rate 10 °C/min Scan Rate 500 amu/sec 
Ramp 1 Temperature 120 °C Multiplier Voltage 1812 V 
Ramp 1 Hold Time 0 min Ionization Mode Electron 
Ramp 2 Rate 5 °C/min Electron Energy -70 eV 
Ramp 2 Temperature 250 °C Emission Current 100 µA 
Ramp 2 Hold Time 5 min Chromatographic Filter 4 sec 
Post Analysis    
Temperature 
275 °C   
Post Analysis Pressure 75 psi   
Post Analysis Time 10 min   
 
 
 
 After separation, column flow was split between the MS and FID in a low dead 
volume split connection installed by Lenhert (2004a & b).  Table 3-2 also shows 
operating parameters for the MS, which was operated under electron ionization mode.  
Identification of species was conducted by comparing mass spectra from the MS to the 
NIST 2.0 MS database, which contains spectra from worldwide contributors for 150,000 
compounds (NIST, 2005).  Several methods of matching were used with the Thermo 
Electron XCalibur program.  Search index (SI) compares the unknown spectrum to the 
library spectrum from the database.  Reverse search index (RSI) compares the two 
spectra, but ignores any peaks in the unknown that are not in the library spectrum.  
Probability (Prob) determines a probability factor based on differences between similar 
library spectra.  Additionally, GC retention time matching to calibration standards was 
used where possible.    
 For quantification, calibration curves were established with standards of gas-
phase hydrocarbons at 15, 100, and 1000 ppm.  Other species were quantified with 
correction factors of FID signals that accounted for differences in carbon, hydrogen, and 
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oxygen number between different compounds of similar structure (Schofield, 2008).  
Formaldehyde was identified with the MS.  The linear relationship observed between the 
MS and FID signals for acetaldehyde was used to determine a theoretical formaldehyde 
FID signal from the formaldehyde MS signal.   
 
3.4 Gases and Fuels 
 All gases and fuels purchased for the experiments were of the highest purities 
possible.  Table 3-3 lists all gases and fuels, manufacturers, and purity levels.  Nitrogen 
and oxygen were used to create the synthetic air for the PFR experiments.  The fuels were 
used for PFR and engine experiments, as well as for GC retention time matching and FID 
calibration efforts. 
 
 
 
Table 3-3: List of experimental gases and fuels. 
Component Manufacturer Purity, ≥ 
Nitrogen Airgas 99.9% 
Oxygen Airgas 99.994% 
n-Decane Sigma-Aldrich 99% 
n-Butylcyclohexane Sigma-Aldrich 99% 
n-Butylbenzene Sigma-Aldrich 99% 
Methylcyclohexane Sigma-Aldrich 99% 
Toluene Sigma-Aldrich 99% 
 
 
 
 Samples of JP-8 were supplied by Wright-Patterson Air Force Base (Edwards, 
2003).  More details about the samples can be found in Ch. 4 where their use is discussed. 
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CHAPTER 4.  LOW TEMPERATURE OXIDATION OF SURROGATES3
 
4.1 Jet and Diesel Fuels 
 The broad specifications for JP-8 allow for significant variations in composition 
and properties.  Three JP-8 samples provided by Wright-Patterson Air Force Base were 
oxidized in the PFR to compare the reactivity of different samples.  The analysis 
provided with these JP-8 samples is shown in Table 4-1.  As the actual empirical 
formulas were unknown and were not measured, an average formula of C11H21 (H/C = 
1.91) (Edwards and Maurice, 2001) was used to determine the fuel flow rate, 
1.050 mL/min, for maintaining the same equivalence ratio and nitrogen dilution of fuel 
for all experiments.  This fuel flow rate at the given equivalence ratio and nitrogen 
dilution of fuel corresponds with a fuel concentration of 775 ppm, and thus an average C 
atom concentration of 8525 C atoms per million molecules of reacting mixture (fuel, N2, 
and O2) was available.   
 In reactivity mapping at low and intermediate temperatures, the start of the 
negative temperature coefficient (NTC) region is defined as the maximum in CO 
concentration. While each sample produced a maximum CO molar fraction at 
approximately the same sample temperature, 690 K, the peak level varied significantly, 
between 490 and 650 ppm CO (Fig. 4-1).  The results demonstrate the reactivity 
variations among JP-8 samples and the need to use an “average” sample of the real fuel 
during the development of a surrogate.  Table 4-2 compares the composition of JP-8 
POSF-3773 to a survey of JP-8, U.S. commercial jet fuel (Jet A), U.S. Navy jet fuel 
                                                 
3 This chapter was the basis for “Experimental investigation of surrogates for jet and diesel fuels,” Fuel 
87:2339-2342 (Natelson et al., 2008). 
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(JP-5), and Russian jet fuel (TS-1) (Holley et al., 2007).  For the rest of this study, JP-8 
POSF-3773 was selected as a sample of “average” composition. 
 
 
 
Table 4-1: Properties of the JP-8 fuel samples. 
Property JP-8 
POSF-4177 
JP-8 
POSF-3684 
JP-8* 
POSF-3773 
Aromatics (% Vol) 16.3 18.1 15.9 
Olefin (% Vol) 0.9 1.3 0.7 
Naphthalenes (% Vol) 1.0 N/A N/A 
American Petroleum Institute 
(API) gravity 
42.4 44.6 45.8 
Heat of Combustion (MJ/kg) 43.1 43.2 43.3 
Hydrogen Content (% mass) 13.7 13.8 13.9 
Fuel System Icing Inhibitor 
(FSII) (% Vol) 
0.11 0.07 0.07 
Total Sulfur (% mass) 0.14 0.04 0.07 
Distillation (°C) 
Initial Boiling Point 129 143 150 
10% 179 170 170 
20% 187 178 176 
50% 205 199 196 
90% 235 242 237 
Evaporation Point 261 260 256 
* This sample is representative of an “average” jet fuel. 
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Figure 4-1: Reactivity map: (O) diesel; (+) JP-8 POSF-3773 (“average”); 
(__) JP-8 POSF-3684; (X) JP-8 POSF-4177. 
 
 
 
Table 4-2: Detailed composition of “average” jet fuel and a world average. 
Class JP-8 POSF-3773 World survey average 
Alkanes (n- and i-) 57.2 58.8 
Cycloalkanes 17.4 10.9 
Bicycloalkanes 6.1 9.3 
Tricycloalkanes 0.6 1.1 
Alkylbenzenes 13.5 13.4 
Indans/Tetralins 3.4 4.9 
Indenes <0.2 <0.2 
Naphthalene <0.2 0.13 
Naphthalenes 1.7 1.55 
Acenaphthenes <0.2 <0.2 
Acenaphthylenes <0.2 <0.2 
Tricyclic Aromatics <0.2 <0.2 
 
 
 
 Additionally, a sample of commercial ultra low sulfur diesel fuel was tested in the 
PFR.  Although diesel fuels have different empirical formulas than JP-8, the experiment 
was run under the same fuel flow rate.  The main purpose of the experiment was not to 
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produce an “average” diesel fuel sample but to confirm that diesel fuels display NTC 
behavior.  The sample showed this behavior, though with higher reactivity than the JP-8’s, 
as evidenced by a maximum of 760 ppm CO at 689 K (Fig. 4-1). 
 
4.2 Jet Fuel Surrogate 
 A volumetric mixture of 2:1:1 n-decane: n-butylcyclohexane: n-butylbenzene was 
selected as a possible surrogate for matching the composition and properties of jet fuel 
(Colket et al., 2007).  The surrogate has an H/C ratio of 1.92, close to the JP-8 average of 
1.91.  To maintain the same equivalence ratio and nitrogen dilution as the JP-8 
experiments, a concentration of 851 ppm fuel was used.  An empirical formula of 
C10H19.2 for the surrogate corresponds to a C atom concentration of 8510 C atoms per 
million molecules of reacting mixture, less than the average C atom concentration for the 
JP-8.  However, the surrogate fuel showed considerably higher reactivity, 1070 ppm CO 
at the start of NTC, than JP-8 POSF-3773 (650 ppm), Fig. 4-2. 
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Figure 4-2: Reactivity map: (+) JP-8 POSF-3773 (“average”); (X) 2:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene; (O) 1:1:1 n-decane: n-butylcyclohexane: 
n-butylbenzene. 
 
 
 
 Clearly, the composition of the surrogate needs to be adjusted to better represent 
the low temperature reactivity of jet fuels.  However, the simplest ways to decrease the 
reactivity of the surrogate would place it further from matching the JP-8 composition.  
For example, a greater fraction of n-butylbenzene may reduce the fuel reactivity, but it 
would place the aromatic concentration of the surrogate beyond the 25.0% by volume 
limit as defined by MIL-DTL-83133E.  Similarly, using a lighter n-alkane would 
decrease the carbon number of the fuel and reduce the fuel reactivity, but it would place 
the carbon number of the surrogate further from that of JP-8.  One possibility for 
improving the performance of this surrogate may involve introducing higher molecular 
weight iso-alkane species such as iso-octane and iso-cetane.  Such fuels have low cetane 
numbers and thus would be expected to reduce overall reactivity.  However, iso-alkanes 
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heavier than iso-octane are not readily available and are very expensive.  Nevertheless, in 
blends, these compounds reduce low temperature reactivity, while maintaining the carbon 
number. 
 
4.3 Diesel Fuel Surrogate 
 A volumetric mixture of 1:1:1 n-decane: n-butylcyclohexane: n-butylbenzene was 
selected as a possible surrogate for matching the properties and composition of diesel fuel 
(Farrell et al., 2006).  Since the U.S. Department of Defense Directive 4140.43 mandated 
the use of JP-8 as the primary fuel in all land-based air and ground forces, this mixture 
was tested and compared to JP-8 POSF-3773.  With an empirical formula of C10H18.4 and 
a fuel concentration of 863 ppm, 8630 C atoms per million molecules of reacting mixture 
were available.  Even though the surrogate had an average carbon number at the low end 
of diesel fuel (diesel fuels contain a mixture of C10 through C24 hydrocarbons, including 
approximately 65% aliphatics and 35% aromatics (Farrell et al., 2007)), the surrogate 
produced more CO than the diesel fuel or JP-8.  The surrogate produced 920 ppm CO at 
the start of NTC, significantly more than the JP-8 POSF-3773 (650 ppm), Fig. 4-2, and 
the ultra low sulfur diesel fuel (760 ppm), Fig. 4-1.  This is surprising as the surrogate has 
an average carbon number lower than diesel fuels (C10-C24) (Farrell et al., 2007), the 
surrogate and fuel were tested at the same fuel flow rate, and reactivity usually scales 
with carbon number.  
 Again, the composition of the surrogate must be changed in order to better 
represent the low temperature reactivity of fuels.  One path to improvement would 
involve the inclusion of a compound that reduces the low temperature reactivity of the 
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surrogate while staying within the size range of a typical diesel fuel component, for 
example iso-cetane. 
 
4.4 Neat Fuels and Blends 
 The neat hydrocarbons n-decane, methylcyclohexane, n-butylcyclohexane, 
toluene, and n-butylbenzene were oxidized in the PFR.  Figure 4-3 shows the CO 
production from n-decane and n-butylcyclohexane.  Under the same conditions, the other 
three hydrocarbons were not reactive neat.  n-Decane reached a maximum of 1870 ppm 
CO at 701 K; n-butylcyclohexane reached a maximum of 1280 ppm CO at 694 K.  As 
methylcyclohexane was not reactive but n-butylcyclohexane was, it may be helpful to 
determine the cyclohexane homolog of a size between the two where reactivity first 
occurs.    
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Figure 4-3: Reactivity maps for neat fuels: (□) n-decane; (O) n-butylcyclohexane. 
 
 
 
 To explore the variations in reactivity due to length of side chain, four mixtures 
were oxidized in the PFR.  Each mixture was composed at a 1:1:1 by volume blend: 
n-decane as a base component to ensure a radical pool; either methylcyclohexane or 
n-butylcyclohexane as a cycloalkane component; and either toluene (methylbenzene) or 
n-butylbenzene as an aromatic component.  Figure 4-4 shows the CO production from the 
four mixtures.  Assuming linear behavior of the blend of neat n-decane and neat 
n-butylcyclohexane, a 1:1:1 mixture of n-decane, n-butylcyclohexane, and an inert 
component would produce a CO maximum of 1013 ppm.  However, this value is 
substantially greater than the measured CO maximum for either of the 1:1:1 blends of the 
n-decane: n-butylcyclohexane: n-butylbenzene or n-decane: n-butylcyclohexane: toluene 
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mixtures, by 93 ppm and 123 ppm, respectively.  Thus, one key observation is that 
aromatics, even with long alkyl chains, reduce reactivity of aliphatic hydrocarbons.   
 This is surprising considering the work of Roubaud et al. (2000), who oxidized 
stoichiometric n-butylbenzene in a rapid compression machine over the temperature 
range of 600-900 K and with a top dead center pressure of 1.54 MPa.  Non-aromatic 
lighter species including acetaldehyde and methanol were identified and Roubaud et al. 
interpreted this to mean that there was cleavage of the butyl chain.  The reduced CO 
maximum of n-decane: n-butylcyclohexane: n-butylbenzene suggests that the butyl chain 
is actually not reactive at these conditions.  If the butyl chain participates in the reaction, 
one would expect n-butylbenzene to promote reactivity instead of inhibiting reactivity.  
Further study is necessary to explore this apparent contradiction.   
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Figure 4-4: Reactivity maps for 1:1:1 by volume fuel blends: 
(*) n-decane:n-butylcyclohexane:n-butylbenzene; 
(□) n-decane:n-butylcyclohexane:toluene; 
(+) n-decane:methylcyclohexane:n-butylbenzene; 
(○) n-decane:methylcyclohexane:toluene. 
 
 
 
4.5 Summary 
 Three-component hydrocarbon mixtures were proposed for matching the average 
composition and key properties of jet and diesel fuels.  The reactivities of the surrogates 
were significantly greater than those of a diesel fuel and an average JP-8.  Furthermore, 
the simplest methods of matching the behavior more accurately would simultaneously 
produce a poorer match between composition of the surrogate and the fuel.  To develop 
adequate surrogates for real fuels, the issue of optimizing different surrogate 
characteristics must be resolved.  High molecular weight iso-alkanes can reduce the low 
temperature reactivity and approximate the carbon number of the real fuels.  Challenges 
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include identifying economically feasible sources of such compounds, and also 
determining the mixture component proportions that will best approximate the real fuels. 
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CHAPTER 5.  AUTOIGNITION OF SURROGATES4
 
5.1 Introduction 
 This section compares the PFR results from Ch. 4 with tests using a modified 
single cylinder Cooperative Fuel Research (CFR) engine.  The purpose of this study was 
to explore the relationship between data obtained in a fundamental combustion facility, 
the PFR, with a relatively realistic combustion system, the modified CFR engine.  The 
PFR simplifies the combustion phenomena to a chemistry problem by reducing fluid 
mechanic and heat transfer effects.  For several decades, such systems have provided data 
for developing and validating chemical kinetic models.  Additionally, the PFR operates at 
highly dilute mixtures (<1% fuel), allowing for a detailed investigation of low and 
intermediate temperature (<1000 K) hydrocarbon combustion.  The engine conditions 
reach high temperature combustion (>1000 K), but the coupling of chemistry, heat 
transfer, and fluid mechanics in a physically complex configuration impede the capability 
to identify the low and intermediate temperature chemistry and its effects. 
 However, the question has remained whether the insight gained in a low and 
intermediate temperature reactor such as a flow reactor can be carried over to real world 
reactors, such as engines.  Experimental work at exploring this behavior has generally 
been limited to linear alkane species approximating gasoline.  For example, Blin-Simiand 
et al. (1993) observed two-stage ignition in the oxidation of n-heptane and n-octane in a 
CFR engine and Sahetchian et al. (1991) identified hydroperoxide species, key precursors 
in first-stage ignition, in the oxidation of n-heptane in a flow reactor and a CFR engine.  
                                                 
4 This chapter was the basis for “Comparison of reactivity in a flow reactor and a single cylinder engine,” 
Experimental Thermal and Fluid Science 34:928-932 (Natelson et al., 2010).  
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Two-stage ignitions have been identified in other hydrocarbon classes.  Lemaire et al. 
(2001) identified two-stage ignition behavior for cyclohexane at a stoichiometric 
equivalence ratio and Pitz et al. (2007) developed a model for low temperature 
methylcyclohexane oxidation.  With respect to alkylated aromatics, Roubaud et al. (2000) 
observed two-stage ignition behavior for n-butylbenzene at a stoichiometric equivalence 
ratio. 
 When predicting engine combustion behavior of jet and diesel fuel surrogates, 
several potential complications arise.  The differences in low and high temperature 
oxidation chemistry among linear and branched alkanes, cycloalkanes, and aromatics can 
impact the conditions (temperature, pressure, and equivalence ratio) where the fuel is 
reactive (e.g., synergistic or antagonistic effects from radical pool interactions in fuel 
mixtures).  Also, alkyl branches attached to cycloalkanes and aromatics can promote 
reaction behavior similar to that of alkanes.  Recent experimental work on surrogate fuel 
mixtures has identified complex relationships between first- and second-stage ignition 
reactivity.  In the flow reactor at Princeton University, addition of toluene at 10% to 
n-heptane and methylcyclohexane at 63% to n-dodecane reduced low temperature 
reactivity compared to the individual fuels (Dryer, 2008).  At high temperatures, toluene 
increased the hot ignition temperature while methylcyclohexane reduced it. 
 In the current work, PFR reactivity results are compared to the autoignition delay 
timings of the surrogates and a sample of average JP-8 in a CFR engine operating in the 
PCI (premixed compression ignition) mode.  As noted, JP-8 and its surrogate are of 
interest because JP-8, military jet fuel, has been designated as the fuel of choice for all 
possible applications throughout the U.S. Army (U.S. Army TACOM, 2001). 
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 There were several objectives for the present work.  The first objective was to 
evaluate the ability of the surrogates to represent the autoignition of JP-8 in an engine.  
An additional objective was to compare the relative reactivity of the autoignition 
experiments to the preignition experiments in the PFR and ascertain the importance of 
low temperature chemistry in engine combustion.  If the relative reactivity in the engine 
matches the PFR results, then this indicates the impact of low temperature chemistry in 
the engine.  A final objective was to explore the effect of compression ratio on 
autoignition of the surrogates and JP-8. 
 
5.2 Results 
 Calculated results for the isentropic compression temperatures are shown in Figs. 
5-1 and 5-2.  Figures 5-3, 5-4, and 5-5 show the in-cylinder pressure at compression 
ratios of 16:1, 15:1, and 14:1, respectively.  Figures 5-6, 5-7, and 5-8 provide an 
expanded view of the autoignition portion of the experiments at the three respective 
compression ratios.  The autoignition CAD, which appears as the knee in the pressure 
trace, is determined as the point where a tangent of the pressure curve during an 
experiment with a fuel-air mixture intersects with the pressure profile of a motored 
experiment with an air charge.  Isentropic, non-reactive compression temperatures are 
also discussed for each compression ratio.  
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Figure 5-1: Calculated isentropic non-reactive compression temperatures at 
compression ratios of (__) 16:1, (οοο) 15:1, and (_ _ _) 14:1 for 1:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene in air.  Solid points show experimental 
autoignition CAD. 
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Figure 5-2: Calculated isentropic non-reactive compression temperatures at 
compression ratios of (__) 16:1, (οοο) 15:1, and (_ _ _) 14:1 for 2:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene, in air.  Solid points show experimental 
autoignition CAD. 
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Figure 5-3: Autoignition in the single cylinder CFR engine with (X) 2:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene, (o) 1: 1: 1 n-decane: n-butylcyclohexane: 
n-butylbenzene, (+) JP-8 POSF-3773, and (__) motored; at compression ratio of 16:1. 
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Figure 5-4: Autoignition in the single cylinder CFR engine with (X) 2:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene, (o) 1:1:1 n-decane: n-butylcyclohexane: 
n-butylbenzene, (+) JP-8 POSF-3773, and (__) motored; at compression ratio of 15:1. 
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Figure 5-5: Autoignition in the single cylinder CFR engine with (X) 2:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene, (o) 1:1:1 n-decane: n-butylcyclohexane: 
n-butylbenzene, (+) JP-8 POSF-3773, and (__) motored; at compression ratio of 14:1. 
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 Figure 5-3 shows the pressure traces of the 2:1:1 and 1:1:1 mixtures of n-decane: 
n-butylcyclohexane: n-butylbenzene, JP-8 POSF-3773, and air at a compression ratio of 
16:1.  As seen more clearly in Fig. 5-6, autoignition timings (the knee in the pressure 
trace) were 336 and 337 CAD for the 2:1:1 and 1:1:1 mixtures, respectively.  This 
suggests that the 2:1:1 mixture is slightly more reactive than the 1:1:1 mixture.  
Nevertheless, each mixture exhibits two-stage ignition behavior, with substantial initial 
reactivity occurring well before TDC.  In previous work, fuels such as iso-octane 
exhibited only hot ignition in the engine, such that the pressure trace for the fuel matched 
the motored run until approximately TDC (360 CAD) (Gong, 2005).  From the 
calculations for isentropic, non-reactive compression temperatures, T∆S=0, Fuel/Air = 988 K 
for the 2:1:1 mixture and 990 K for the 1:1:1 mixture at 336 CAD, where the 2:1:1 
mixture auto ignited.  This is a small temperature difference, suggesting that differences 
in specific heats of the mixtures have no effect on pressure rise.  Moreover, the 1:1:1 
mixture, which auto ignited at a later CAD, had a higher specific heat at a given CAD 
than the 2:1:1 mixture.  JP-8 did not autoignite until 341 CAD.  Thus, the relative 
reactivity measured in the PFR (Fig. 4-2) is consistent with the observed autoignition 
timing in the engine.  Additionally, the maximum combustion pressure for all fuels was 
approximately the same, with the 2:1:1 mixture reaching 5.2 MPa and the 1:1:1 mixture 
and the JP-8 reaching 5.1 MPa. 
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Figure 5-6: Expanded view of autoignition in the single cylinder CFR engine with (x) 
2:1:1 n-decane: n-butylcyclohexane: n-butylbenzene; (o) 1:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene; (+) JP-8 POSF-3773; and (-) motored; at 
compression ratio of 16:1. 
 
 
 
 As expected, the measured pressures and calculated temperatures at any given 
crank angle were reduced as the compression ratio was lowered, resulting in a delay or 
retardation of autoignition.  At a 15:1 compression ratio (Figures 5-4 and 5-7), the 2:1:1 
mixture auto ignited at 341 CAD, the 1:1:1 mixture auto ignited at 343 CAD, and the 
JP-8 sample auto ignited at 344 CAD.  The 2:1:1 mixture shifted to 5 CAD later at this 
lower compression ratio, while the 1:1:1 mixture shifted to 6 CAD later and the JP-8 
shifted to 3 CAD later.  At 341 CAD where the 2:1:1 mixture auto ignited, the isentropic, 
non-reactive temperatures of the in-cylinder charge are 1026 K for the 2:1:1 mixture and 
1027 K for the 1:1:1 mixture.  This demonstrates that the difference in the in-cylinder 
pressure rise is due to the relative reactivity of the fuel mixtures and not the heat capacity 
of the charges.  The maximum combustion pressure was approximately the same for all 
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fuels, with the JP-8 and 2:1:1 mixtures reaching 4.0 MPa and the 1:1:1 mixture reaching 
4.1 MPa.  This, along with the data at 16:1 compression ratio, suggests that the 1:1:1 
mixture and JP-8 achieve complete combustion comparable to the 2:1:1 mixture, even 
though the autoignition timings are different.  There are differences in low temperature 
chemistry among n-decane, n-butylcyclohexane, and n-butylbenzene, but complete 
combustion occurs for both the 2:1:1 and 1:1:1 mixtures. 
 
 
 
0
1
2
3
4
5
6
330 335 340 345 350 355 360
Crankshaft position (CAD)
In
-c
yl
in
de
r p
re
ss
ur
e 
(M
Pa
)
 
Figure 5-7: Expanded view of autoignition in the single cylinder CFR engine with (x) 
2:1:1 n-decane: n-butylcyclohexane: n-butylbenzene; (o) 1:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene; (+) JP-8 POSF-3773; and (-) motored; at 
compression ratio of 15:1. 
 
 
 
 Figure 5-5 shows the pressure traces for the autoignition of the mixtures and JP-8 
at a compression ratio of 14:1.  The 2:1:1 and 1:1:1 
n-decane:n-butylcyclohexane:n-butylbenzene mixtures auto ignited at 344 and 348 CAD, 
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respectively, and the JP-8 auto ignited at 349 CAD, as seen in the expanded view in 
Figure 5-8.  The in-cylinder pressure differences were due to reactivity and not heating, 
as the calculated isentropic, non-reactive compression temperatures were T∆S=0,Fuel/Air = 
1038 K for the 2:1:1 mixture and 1040 K for the 1:1:1 mixture at 344 CAD.  The 
difference in autoignition CAD for the 2:1:1 mixture at compression ratios of 16:1 and 
14:1 is smaller (8 CAD) than the autoignition CAD difference for the 1:1:1 mixture 
(11 CAD) at these same compression ratios.  The less reactive mixture (1:1:1) was 
affected more than the more reactive mixture (2:1:1) when lowering the compression 
ratio.  This can be seen more clearly in Figure 5-9, which compares all the experimental 
results in terms of autoignition delay, with the initial time being IVC at 214 CAD.  The 
1:1:1 mixture required a significantly greater in-cylinder pressure, and thus temperature, 
to reach autoignition at the lower compression ratio.  As noted, the lower compression 
ratio results in lower in-cylinder temperatures and pressures for a longer time (CAD) 
duration, and thus results in a delay in the point of autoignition.  Unlike the experiments 
at the higher compression ratios, the mixtures did not reach the same peak pressure as the 
JP-8.  The two tri-component mixtures peaked at 3.3 MPa, while the JP-8 peaked at 
3.1 MPa.  This is likely due to a slower or even incomplete combustion process for JP-8 
at the 14:1 compression ratio. 
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Figure 5-8: Expanded view of autoignition in the single cylinder CFR engine with (X) 
2:1:1 n-decane: n-butylcyclohexane: n-butylbenzene; (o) 1:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene; (+) JP-8 POSF-3773; and (-) motored; at 
compression ratio of 14:1. 
 
 
 
 
Figure 5-9: Time from IVC to onset of combustion for (X) JP-8 POSF-3773, (O) 
1:1:1 n-decane: n-butylcyclohexane: n-butylbenzene, and (+) 2:1:1 n-decane: 
n-butylcyclohexane: n-butylbenzene.  Uncertainty in times is ±0.04 ms. 
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5.3 Summary 
 The reactivity behavior of proposed jet and diesel fuel surrogates and jet fuel were 
studied in a single cylinder CFR engine.  The jet fuel surrogate (2:1:1 
n-decane:n-butylcyclohexane: n-butylbenzene) had the earliest autoignition timing, 
followed by the diesel fuel surrogate (1:1:1 n-decane:n-butylcyclohexane:n-butylbenzene) 
and then the JP-8 sample.  The surrogates did not match the autoignition reactivity of the 
real fuel and are thus not good JP-8 surrogates for autoignition behavior.  Differences in 
autoignition timing between the two mixtures were controlled by the autoignition 
chemistry of the hydrocarbons, and not the heat capacity, because the specific heats, and 
in turn the non-reactive isentropic compression temperatures, were essentially identical.  
The autoignition timing in the engine corresponded with previous measurements of the 
relative reactivity at low and intermediate temperatures in a flow reactor.  With 
decreasing compression ratio in the engine, the autoignition timing occurred at later 
CAD’s and the differences among the different fuels became greater because decreasing 
in-cylinder temperatures led to a greater role of preignition oxidation chemistry.  The 
1:1:1 n-decane:n-butylcyclohexane:n-butylbenzene mixture had significantly later 
autoignition timings than the 2:1:1 mixture at the lowest compression ratio, but both 
mixtures reached the same maximum combustion pressure.  The specific causes are under 
investigation both experimentally and through simulations. 
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CHAPTER 6.  STABLE INTERMEDIATE SPECIES ANALYSIS 
 
6.1 Stable Intermediate Species Identification and Quantification 
 Using the PFR explained in Sec. 3.1 and the DT-CCD methodology described in 
Sec. 3.3, the oxidation of n-butylcyclohexane was studied in detail in the low temperature 
region.  Three experiments exploring the combustion products of low temperature 
n-butylcyclohexane oxidation were conducted at similar conditions, to ensure 
reproducibility of results and to estimate errors.  Table 6-1 shows the initial conditions.  
The mixture fraction was 0.11% n-butylcyclohexane, 4.21% O2, and 95.68% N2.  The 
pressure was 0.8 MPa.  The reaction residence time was 0.120 s, and the equivalence 
ratio was 0.38.  The error for n-butylcyclohexane is ±1 standard deviation of the three 
experiments; the errors for O2, pressure, residence time, and equivalence ratio are based 
on equipment uncertainties.   
 
 
 
Table 6-1: Initial conditions of PFR experiments 
 6/23/2009 6/30/2009 7/14/2009 Average Error 
n-Butylcyclohexane (ppm) 1074 1068 1105 1082 ±19 
O2 (ppm) 42100 42100 42100 42100 ±1250 
N2  balance balance balance balance - 
Pressure (atm) 8.000 8.000 8.000 8.000 ±0.025 
Residence time (ms) 120 120 120 120 ±10 
Equivalence ratio 0.38 0.38 0.39 0.38 ±0.05 
 
 
 
 Figure 6-1 plots the CO production of the three experiments.  Even though the 
fuel flow rate was the same for all three experiments, slight differences in measured fuel 
molar fraction occurred due to nitrogen and oxygen flow controller uncertainties.  These 
differences were insignificant, as the reactivity, monitored by CO production, was 
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equivalent amongst the experiments, considering the equipment uncertainty of ±25 ppm.  
Thus, for the rest of the experimental results, shown in the subsequent figures, the 
average of the three experiments is presented, with error bars being ±1 standard deviation 
of the results.   
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Figure 6-1: CO production from the three n-butylcyclohexane experiments. 
 
 
 
 Figure 6-2 shows a reactivity map of n-butylcyclohexane oxidation at low 
temperatures.  n-Butylcyclohexane exhibited very little reactivity at the highest and 
lowest temperatures but showed substantial reactivity in between.  From an initial value 
of 1082 ppm, there were 920 and 954 ppm at 600 and 820 K, respectively, and less than 
100 ppm near the peak of reactivity.  CO peaked at 1470 ppm at 670 K.  CO2 also peaked 
at this temperature, with 400 ppm.  The CO profile showed that n-butylcyclohexane 
reactivity is similar to n-alkane behavior.  There is a region of low temperature reactivity, 
where CO increases with temperature, followed by a NTC region where reactivity 
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decreases with increasing temperature.  In isolating reaction paths, it is helpful to 
estimate product yields.  At maximum reactivity, the reactant yield of n-butylcyclohexane 
to product yield of CO is approximately 1.5: 1.  Ristori et al. (2001) showed that CO can 
be produced from cycloalkanoyl radicals.  At low temperatures, CO2 can be produced 
from oxygenates such as cyclic ethers (Glaude et al., 2002) rather than from the oxidation 
of CO. 
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Figure 6-2: Reactivity mapping of n-butylcyclohexane oxidation: (blue) CO; 
(red) O2; (green) CO2; (points) n-butylcyclohexane. 
 
 
 
 Figure 6-3 displays the consumption of O2.  Clearly, at this lean equivalence ratio, 
oxygen is not a controlling factor.  O2 was at its lowest point, 37,750 ppm, at 670 K, 
when CO reached a maximum.  As expected O2 decreased in the low temperature 
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reactivity region where CO increased, and O2 increased in the NTC region.  At maximum 
reactivity, the ratio of consumed O2 to consumed-butylcyclohexane is approximately 
4.5:1. 
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Figure 6-3: Molecular oxygen consumption. 
 
 
 
 The analytical system measured 65 hydrocarbon intermediates from 
n-butylcyclohexane oxidation.  Carbon balances were 100 ±5%.  In the following plots, 
key intermediates, designated as those produced at >10 ppm, are shown.  Figure 7-4 
shows the key linear alkenes measured, including ethene, propene, and 1-butene.  The 
observation that only alkenes of four or fewer carbon atoms were produced at significant 
quantities suggests that the main pathway for alkene production is from the n-butyl chain 
of n-butylcyclohexane.  Ethene was produced at the highest quantities.  Linear alkenes 
production peaked at 715 K, during the NTC region.  Linear alkenes produced at smaller 
quantities included 2-butene, 1-pentene, and 1-hexene.  In addition to other alkenes not 
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shown, alkynes were measured at smaller quantities, including 2-butyne and 2-methyl-1-
buten-3-yne. 
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Figure 6-4: Key alkene intermediates from n-butylcyclohexane oxidation. 
 
 
 
 Figure 6-5 shows the key cycloalkenes measured, including 4-butylcyclohexene, 
1-butylcyclohexene, and cyclohexene.  4-Butylcyclohexene was the dominant 
cycloalkene produced.  The alkylated cycloalkenes, 1-butylcyclohexene and 
4-butylcyclohexene, peaked at 775 K, when overall n-butylcyclohexane reactivity, as 
monitored by CO production, was low.  Cyclohexene, on the other hand, peaked at 715 K.  
Other cycloalkenes measured at smaller quantities were 3-ethylcyclohexene, 
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4-methylcyclohexene, and cyclopentene.  One cyclodiene, 1,3-cyclohexadiene, was 
measured at smaller quantities. 
 Previous cycloalkane work has measured cycloalkenes.  For example, in their 
study on high temperature methylcyclohexane oxidation, Zeppieri et al. (1997) measured 
cyclohexene and suggested it was produced via β-scission of the cyclohexyl radical.  The 
increase in alkenes in the NTC region has been observed for alkanes such as n-heptane 
and iso-octane.  Ciajolo and D’Anna (1998) suggested that H-abstraction of the alkyl 
radical by O2 produces conjugate alkenes in the NTC region. 
 
 
 
0
5
10
15
20
25
30
35
40
45
50
550 600 650 700 750 800 850
Temperature (K)
M
ol
ar
 fr
ac
tio
n 
(p
pm
)
4-butylcyclohexene 1-butylcyclohexene cyclohexene  
Figure 6-5: Key cycloalkene intermediates from n-butylcyclohexane oxidation. 
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 The key aldehydes measured are plotted in Fig. 6-6.  These included the saturated 
aldehydes acetaldehyde, propanal, and butanal, and the unsaturated aldehyde 2-propenal.  
Formaldehyde was produced at the largest quantities.  Formaldehyde and acetaldehyde 
peaked at 670 K, while the heavier aldehydes peaked at 715 K.  Other aldehydes 
measured at smaller quantities were trans-2-heptenal, cis-7-decen-1-al, and cis-dodec-5-
enal.  The quantification of aldehydes in the low temperature oxidation of 
n-butylcyclohexane was expected; Yang and Boehman (2009) measured aldehydes in 
their study on low temperature combustion of methylcyclohexane.   
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Figure 6-6: Key aldehyde intermediates from n-butylcyclohexane oxidation. 
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 Figure 6-7 presents the concentrations of the major ketone-substituted cyclic 
species measured.  The ketones were highest at 670-715 K.  2-Cyclohexen-1-one and 
cyclohexanone were measured at the highest levels, while 2-cyclopenten-1-one, 2-
methyl-2-cyclopentenone, and 4-methylcyclohexanone were measured at lower but still 
significant levels.  Other cycloketones measured at smaller quantities were 2-(2-butynyl)-
cyclohexanone and 2-butylcyclohexanone.  It should be noted that in their respective 
studies on high temperature methylcyclohexane and cyclohexane oxidation, Zeppieri et al. 
(1997) and El Bakali et al. (2000) measured C5 cyclic species also. 
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Figure 6-7: Key ketone-substituted cycloalkanes and cycloalkene intermediates from 
n-butylcyclohexane oxidation. 
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 One carboxylic acid, acetic acid, was measured, Fig. 6-8.  Production peaked at 
670 K, prior to the NTC region.  The increased production of acetic acid at temperatures 
lower than the NTC region indicates a unique reaction pathway where production of 
species with two oxygen atoms is favored.  Interestingly, carboxylic acids are not 
typically included in low temperature combustion models of hydrocarbons.  However, 
Schwartz et al. (2006) and Metcalfe et al. (2007) have shown that the decomposition of 
an ester can yield an acid and an alkene.  Cyclic ester-substituted cycloalkanes were 
measured in the present work. 
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Figure 6-8: Key carboxylic acid intermediate from n-butylcyclohexane oxidation. 
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 Several measured species were composed of multiple functional groups.  Figures 
6-9 and 6-10 highlight some of these species.  Of these, trans-octahydro-4a(2H)-
naphthalenol, C10H18O, was produced at the highest level.  This species, also known as 
trans-9-decalol, is decalin with a hydroxyl group attached at one of the carbons 
connecting the two cyclohexane rings.  Thus, there is evidence that n-butylcyclohexane 
oxidation produces bicyclohexane structures.  Another major species measured was 
7-n-propyl-trans-8-oxabicyclo[4.3.0]nonane, C11H20O.  This is a cyclohexane structure, 
with an alkylated tetrahydrofuran attached at two carbon atoms.  Thus complex species 
containing multiple rings, with one maintaining the cyclohexane structure and the second 
either with or without oxygen, were produced at significant levels.  Other species 
measured included benzene, phenol, cis-bicyclo[3.3.0]octane,  ethoxybenzene, 
3-cyclohexene-1-carboxaldehyde, 4-cyclooctene-1-carboxaldehyde, 2-methylcyclohexyl 
propionate, butylidene cyclohexane, 5,5-dimethyl-2-propyl-1,3-cyclopentadiene, 
oxa-cycloundec-8-ene-2,7-dione, cis-methyl-1-decalone, 
hexahydro-7a-methyl-2(3H)-benzofuranone, 1-methylene spiro[4.4]nonane, (1α, 2α,3α)-
3-methyl-2-(1-methylethyl)-cyclohexanol, hexahydro-trans-1,3-isobenzofurandione, 
hexahydrobenzo[1,3]dioxin-4-one, octahydro-2,2-bifuran, 2,5-dimethyl-3-vinyl-4-hexen-
2-ol, 2-(4-methylcyclohexylidene)-1-propanol, and 9-ethylbicyclo[3.3.1]nonan-9-ol. 
 Past research indicates similarities with these results.  For example, similar to the 
identification of 2,5-dimethyl-3-vinyl-4-hexen-2-ol as an indication that 
n-butylcyclohexane is decomposing to complex alkenes, Ristori et al. (2001) considered 
isomerization of cyclohexyl radical to yield alkenyl radicals.  Cyclic ether-substituted 
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species were measured in the present work; Yang and Boehman identified 
epoxycyclohexanes from the preignition oxidation of methylcyclohexane. 
 
 
 
 
Figure 6-9: Select complex intermediates measured from n-butylcyclohexane 
oxidation. 
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Figure 6-10: Other species measured at significant quantities from 
n-butylcyclohexane oxidation. 
 
 
 
6.2 Summary 
 The low temperature oxidation of n-butylcyclohexane was studied in detail with a 
series of experiments in our PFR facility.  Hydrocarbon intermediate species were 
measured using a GC/MS/FID.  A wide range of classes were observed, including linear 
and cyclic alkenes, aldehydes, ketone-substituted cycloalkanes, and two-ring species.  
Except for the species with cycloalkane structures, similar alkenes and oxygenates have 
been observed for n-dodecane oxidation at low temperatures (Kurman et al., 2009a & b). 
Figure 6-11 summarizes that while a wide range of classes were identified for 
n-butylcyclohexane oxidation, a large fraction of the intermediates were generally in a 
few classes.  At the 600 K sample temperature, n-butylcyclohexane was the only species 
to contribute at least 5% of the carbon balance.  At 670 K, aldehydes, ketones, CO, and 
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n-butylcyclohexane each contributed at least 5% of the carbon balance.  These species 
indicate the presence of a low temperature branching path.  Overall at the 670 K sample 
temperature, 93% of the n-butylcyclohexane was consumed.  At 715 K, the range of 
classes contributing at least 5% of the carbon balance was broader, including aldehydes, 
n-butylcyclohexane, CO, ketones, alkenes, cyclic ether-substituted cycloalkanes, and 
bicycloalkanes.  The presence of alkene, cyclic ethers, and bicycloalkanes, in addition to 
the other classes observed at 670 K, indicated competing pathways at 715 K.  At the 
715 K sample temperature, 87% of the n-butylcyclohexane was consumed.  At 775 K, the 
classes that were first significant at 715 K have apparently overcome the dominant 
classes at 670 K.  Classes contributing at least 5% of the carbon balance were 
n-butylcyclohexane, alkenes, aldehydes, and cyclic ether-substituted cycloalkanes.  NTC 
reactions are dominant at the 775 K sample temperature, as only 23% of the 
n-butylcyclohexane is consumed.  Finally, at 820 K, only n-butylcyclohexane contributed 
at least 5% of the carbon balance.  The general observation that aldehydes and ketones 
are major intermediate products at lower temperatures and alkenes are major 
intermediates at higher temperatures corresponds with much past work; for example, the 
cyclohexane cool flame studies of Bonner and Tipper (1965). 
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Figure 6-11: All classes accounting for ≥ 1% of reactant, fractions of reactant and 
product calculated by C-atoms. 
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CHAPTER 7.  SEMI-GLOBAL N-BUTYLCYCLOHEXANE MODEL 
 
7.1 Chemical Kinetics Solver Parameters 
 Chemical kinetic modeling for this project was carried out using CHEMKIN-PRO 
(CHEMKIN-PRO, 2008).  The Plug Flow Reactor package was used under adiabatic 
conditions, and calculations were carried out for a reactor length of 40 cm with output 
files including species concentrations, reactant temperature, and residence time generated 
at 0.5-cm intervals.  After performing several simulations to determine optimal tolerances, 
absolute and relative tolerance values were set to 1.0 x 10-14 and 1.0 x 10-12, respectively. 
 CHEMKIN is commonly utilized in the combustion community.  For the Plug 
Flow Reactor setup, the software solves the equations for mass continuity, gas-species 
conservation, energy, momentum, and surface site species conservation.  The setup 
assumes no mixing in the axial direction and perfect mixing in the transverse direction.  
The system is modeled using first-order ordinary differential equations.  No transport 
properties are needed for the Plug Flow Reactor setup.  Thermochemical properties are 
needed for the specific enthalpy, heat capacity, and entropy of the species.  These 
parameters are supplied as standard NASA polynomials into CHEMKIN (Reaction 
Design, 2007).  For the solution of the chemistry, the pre-exponential factor, temperature 
exponent, and activation energy are required for each Arrhenius equation. 
 
7.2 University of Southern California Model 
 The only chemical kinetic model including n-butylcyclohexane available at this 
time is JetSurF v.1.1 from Wang and co-workers at the University of Southern California 
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(Sirjean et al., 2009).  The release is only meant for modeling the pyrolysis and oxidation 
of hydrocarbons at high temperatures.  Nevertheless, since JetSurF contained the only 
kinetic model for n-butylcyclohexane developed, it was tested for this study.  The model 
predicted no n-butylcyclohexane reactivity at PFR conditions as expected. 
 
7.3 Discussion 
 A semi-global chemical kinetic model describing the low temperature oxidation 
of n-butylcyclohexane was developed.  As a semi-global model, it contains both 
elementary and global reactions (Zheng, 2005).  The model contains 30 species and 45 
reactions, Table 7-1.  For the following discussion, Fig. 7-1 illustrates the different 
carbons.  There is one primary alkyl carbon, shown as 1-carbon.  The three secondary 
alkyl carbons are 2-, 3-, and 4-carbon.  They are numbered differently as there are slight 
differences in bond strength and length due to their respective adjacent carbons.  The one 
tertiary carbon is labeled as 5-carbon.  Finally, there are five secondary cyclic carbons, 
two labeled as 6-carbon, two as 7-carbon, and one as 8-carbon.   
 
 
 
Table 7-1: Semi-global kinetic model for low temperature n-butylcyclohexane 
oxidation. 
R Reaction A* n Ea Source**
1 BCH+H=>BCH1+H2 0.3861E+8 2.0 3950.57 H+NC10H22=>H2+NC10H21a
2 BCH+O2=>BCH1+HO2 2.00E+13 0 50930.0 C4H9cC6H11+O2=>PXC4H8cC6H11+HO2b
3 BCH+OH=>BCH1+H2O .7189E+7 2.0 -2259.83 OH+NC10H22=>H2O+NC10H21a
4 BCH+H=>BCH8+H2 0.3861E+8 2.0 3950.57 H+NC10H22=>H2+NC10H21a
5 BCH+O2=>BCH8+HO2 2.00E+13 0 50930.0 C4H9cC6H11+O2=>PXC4H8cC6H11+HO2b
                                                 
* Units are cal, mol, K, and s. 
** a=Ranzi et al., 2005; b=Sirjean et al., 2009; c=Silke et al., 2007; d=Pitz et al., 2007; f=Westbrook et al., 
2009.   
 
 75
6 BCH+OH=>BCH8+H2O 1.08E+7 2.0 -1133 CHX+O2=>CHXRAD+H2Oc
7 BCH+H=>BCH5+H2 0.3861E+8 2.0 3950.57 H+NC10H22=>H2+NC10H21a
8 BCH+O2=>BCH5+HO2 2.00E+13 0 50930.0 C4H9cC6H11+O2=>PXC4H8cC6H11+HO2b
9 BCH+OH=>BCH5+H2O .7189E+7 2.0 -2259.83 OH+NC10H22=>H2O+NC10H21a
10 BCH1+O2=>BCH1O2 .2E+13 0 .0 O2+NC10H21=>NC10H21-OOa
11 BCH8+O2=>BCH8O2 .2E+13 0 .0 O2+NC10H21=>NC10H21-OOa
12 BCH5+O2=>BCH5O2 .2E+13 0 .0 O2+NC10H21=>NC10H21-OOa
13 BCH1O2=>BCH1OOH .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
14 BCH8O2=>BCH8OOH .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
15 BCH5O2=>BCH5OOH .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
16 BCH1OOH+O2=>BCH1OOHO2 .2E+13 0 .0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
17 BCH5OOH+O2=>BCH5OOHO2 .2E+13 0 .0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
18 BCH1OOHO2=>BCHOOHOOH 5.0E+12 0 19050 7-ring transition stated
19 BCHOOHOOH=>BCHOOHO+OH .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
20 BCH5OOHO2=>OH+CO+2H+C6O+CH2O+C2H4 .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
21 BCH8OOH=>OH+DECALOL .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
22 BCHOOHO=>OH+H+CO+CH2O+C6H10+C2H4 .185E+15 0 40300.0 
NC10-
OQOOH=>OH+CH3CO+
CH2O+.45NC10H20+.5N
C5H10a
23 C2H4+H+1.5O2=>OH+2CH2O .2E+13 0 .0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
24 2DECALOL+H=>DECALOL+BCH4ENE+OH .2E+13 0 .0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
25 BCHOOHOOH=>BCH1OOHO2 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
26 BCH1OOHO2=>BCH1OOH+O2 1.357E+23 -2.36 3.767E+4 C10H21o2-5=>c10h21-5+o2f
27 BCH5OOHO2=>BCH5OOH+O2 1.357E+23 -2.36 3.767E+4 C10H21o2-5=>c10h21-5+o2f
28 BCH1OOH=>BCH1O2 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
29 BCH8OOH=>BCH8O2 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
30 BCH5OOH=>BCH5O2 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
31 BCH1O2=>BCH1+O2 1.357E+23 -2.36 3.767E+4 C10H21o2-5=>c10h21-5+o2f
32 BCH8O2=>BCH8+O2 1.357E+23 -2.36 3.767E+4 C10H21o2-5=>c10h21-5+o2f
33 BCH5O2=>BCH5+O2 1.357E+23 -2.36 3.767E+4 C10H21o2-5=>c10h21-5+o2f
34 BCH1OOH=>BCH1ENE+HO2 .45E+13 0 24000 NC10-QOOH=>HO2+NC10H20a
35 BCH1+O2=>BCH1ENE+HO2 .5E+12 0 3500.0 O2+NC10H21=>NC10H20+HO2a
36 BCH8+O2=>BCH4ENE+HO2 .5E+12 0 3500.0 O2+NC10H21=>NC10H20+HO2a
37 BCH5+O2=>BCH1ENE+HO2 .5E+12 0 3500.0 O2+NC10H21=>NC10H2
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0+HO2a
38 OH+HO2=>H2O+O2 .5E+14 0 1000.0 OH+HO2=>H2O+O2a
39 H+HO2=>H2+O2 .25E+14 0 700.0 H+HO2=>H2+O2a
40 H+O2+O2=>HO2+O2 .89E+15 0 -2822.0 H+O2+O2=>HO2+O2a
41 H+O2+M=>HO2+M .465E+13 .400 .0 H+O2(+M)=>HO2(+M)a
42 H+HO2=>OH+OH .25E+15 0 1900.0 H+HO2=>OH+OHa
43 H+OH+M=>H2O+M .45E+23 -2.0 .0 H+OH+M=>H2O+Ma
44 HO2+HO2=>H2O2+O2 .211E+13 0 .0 HO2+HO2=>H2O2+O2a
45 OH+OH+M=>H2O2=M .74E+14 -.370 .0 OH+OH(+M)=>H2O2(+M)a
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Figure 7-1: n-Butylcyclohexane diagram, identifying carbons. 
 
 
 
 Appendix A includes the model in CHEMKIN format.  Several different types of 
reactions are included in this model.  These include H-abstraction from 
n-butylcyclohexane, O2 addition to C10H19 radical, isomerization via internal H-atom 
abstraction at the O2 addition site to form OOH, O2 addition to OOH, isomerization via 
internal H-atom abstraction at the second O2 addition site to form OOHOOH, 
hydroperoxide decomposition, and second OH production as the steps in the low 
temperature branching pathway.  Also, the steps in the NTC region include OOHOOH to 
OOHO2 isomerization, O2 cleavage from OOHO2, OOH to O2 isomerization, O2 cleavage 
from peroxy, HO2 cleavage from OOH, and H-abstraction from C10H19.  Additionally, 
several small species reactions are included. 
 Figure 7-2 shows the reaction pathways included in the kinetic model.  As 
illustrated, the initial reactivity of n-butylcyclohexane, referred to as BCH, is hydrogen 
abstraction via hydroxyl radical, hydrogen radical, or molecular oxygen, yielding water, 
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molecular hydrogen, or hydroperoxy radical, respectively, and n-butylcyclohexyl radical.  
If hydrogen abstraction occurs at the 5-carbon, then n-butylcyclohexyl radical, referred to 
as BCH5, is produced.  Pitz et al. (2007) considered this carbon in methylcyclohexane to 
be equivalent to a tertiary alkyl carbon, as it is attached to three carbons and a hydrogen.  
For this study, the reaction rate for production of BCH5 via H (R7 in Table 7-1) was from 
H-abstraction from n-decane via hydrogen radical from Ranzi et al. (2005), because their 
model used low temperature data from the PFR.  Similarly, the reaction rate for 
production of BCH5 via OH (R9) was from H-abstraction from n-decane via hydroxyl 
radical from Ranzi et al. (2005).  For H-abstraction via O2 (R8), the reaction rate from 
primary H-abstraction via O2 with n-butylcyclohexane from Sirjean et al. (2009) was 
used.  The selection of 5-carbon for initial hydrogen abstraction was because of the 
measurement of significant quantities of 1-butylcyclohexene, one of two 
butylcyclohexenes measured.  The presence of 1-butylcyclohexene indicated the 
probability that initial hydrogen abstraction occurs from the tertiary 5-carbon.  
1-Butylcyclohexene may also have been produced from hydrogen abstraction from the 
6-carbon.  However, H-abstraction at the 6-carbon would also have led to 
3-butylcyclohexene production; no 3-butylcyclohexene was identified.   
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Figure 7-2: Pathways of n-butylcyclohexane oxidation included in the model. 
 
 
 
 Nevertheless, after the production of BCH5, besides production of 
1-butylcyclohexene, the other possibility included in the model is a low temperature 
branching pathway.  Molecular oxygen addition to the 5-carbon (R12) produces the 
cycloalkylperoxy radical, BCH5O2.  The reaction rate came from O2 addition to n-decyl 
radical (Ranzi et al., 2005) and no activation energy is required.  After O2 addition, 
isomerization via internal hydrogen abstraction occurs.  The reaction is assumed to occur 
through an 8-ring transition state, as a hydrogen from 1-carbon is abstracted to the peroxy 
portion of the 5-carbon (R15) to yield BCH5OOH.  The reaction rate is from the 
isomerization of decylperoxy radical to decylhydroperoxy radical (Ranzi et al., 2005).  
Isomerization with the primary carbon is selected because of n-dodecane analysis that 
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indicated H-abstraction from primary carbon is favored (Kurman et al., 2010).  A second 
O2 addition occurs, to the 1-carbon, producing BCH5OOHO2 (R17).  The reaction rate is 
selected from O2 addition to decylhydroperoxy radical from Ranzi et al. (2005).  From 
BCH5OOHO2, the next reaction is global decomposition (R20).  The products include a 
hydroxyl radical, two hydrogen radicals, and CO, in addition to cyclohexanone, 
formaldehyde, and ethene.  The reaction is from the decomposition of C10 
ketohydroperoxide from Ranzi et al. (2005).  Ethene further reacts with hydrogen and 
1.5 O2 to yield a second hydroxyl radical, in addition to two molecules of formaldehyde 
(R23).  As this is an oxidation reaction, the reaction rate is selected from O2 reaction with 
decylhyderoperoxy radical from Ranzi et al. (2005). 
 At higher temperatures and when the concentration of BCH5OOHO2 is high, the 
reversibility of R17 becomes dominant.  This is R27.  While R17 requires no activation 
energy for O2 to add to BCH5OOH, R27 requires an activation energy for the cleavage of 
O2 from BCH5OOHO2 to reform BCH5OOH.  The reaction rate for R27 is selected from 
O2 cleavage from decylperoxy radical (Westbrook et al., 2009).  BCH5OOH can then 
isomerize to BCH5O2, R30.  The reaction rate is selected from the isomerization of 
dodecylhydroperoxy radical to dodecylperoxy radical (Sirjean et al., 2009).  The 
activation energy is thus 12.5 kcal/mol, which is less than the activation energy of its 
reversible reaction, R15.  R15 has an activation energy of 24 kcal/mol.  However, once 
the concentration of BCH5OOH is high enough, R30 overcomes R15 and BCH5O2 is 
reformed.  O2 cleavage from BCH5O2 then occurs, R33.  The reaction rate selected is the 
same as that for the O2 cleavage from BCH5OOHO2 in R27.  At higher temperatures, 
another path for BCH5, R37, is active.  This is H-abstraction via O2, to form 
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1-butylcyclohexene, referred to as BCH1ENE.  The reaction rate is selected from a 
similar reaction for n-decyl radical (Ranzi et al., 2005). 
 Another path for n-butylcyclohexane is included in the model to explain the 
production of large species.  Hydrogen is abstracted from the 8-carbon.  For abstraction 
via H and O2, the rate parameters were from Ranzi et al. (2005) for similar n-decane 
reactions (R4 and R5, respectively).  For H-abstraction via hydroxyl radical, the reaction 
rate from Silke et al. (2007) for H-abstraction from a secondary cyclic carbon of 
cyclohexane was used.  From any of the three reactions, BCH8, n-butylcyclohexyl radical, 
is formed.  In the low temperature branching pathway, the next step is O2 addition to 
BCH8 to form BCH8O2 (R11).  The reaction rate used is from Ranzi et al. (2005) and the 
reaction requires no activation energy.  BCH8O2 then undergoes isomerization to form 
BCH8OOH (R14).  Figure 7-3 illustrates the n-butylcyclohexane molecule in 3-D.  The 
chair conformation, seen in Fig. 7-3, is the energetically favored structure for the 
cyclohexane ring.  The structure suggests the possibility that an alkyl chain on one carbon 
of the ring could interact with a chain on the para ring.  The reaction rate is from 
decylperoxy isomerization suggested by Ranzi et al. (2005).  After BCH8OOH is formed, 
R21 occurs where a hydroxyl radical is released along with trans-9-decalol.  The reaction 
rate is selected from the peroxydecylhydroperoxy radical reaction to release hydroxyl 
radical and form ketohydroperoxide from Ranzi et al. (2005).  To reduce the quantities of 
trans-9-decalol predicted by the model, a global reaction then occurs to reduce 
trans-9-decalol production as well as produce a second hydroxyl radical from the 
pathway (R24).  At higher temperatures, the pathway is reversed via R29 and R32 
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becoming activated.  Additionally, via R36, 4-butylcyclohexene is produced from oxygen 
abstracting hydrogen from BCH8. 
 Another path for n-dodecane considers the possibility for hydrogen abstraction 
from one of the alkyl carbons.  The model includes H-abstraction from 1-carbon via 
hydroxyl, hydrogen, and oxygen (R3, R1, and R2, respectively) to produce BCH1.  O2 
addition to BCH1 forms BCH1O2, R10.  BCH1O2 then undergoes isomerization to form 
BCH1OOH, R13, and occurs by the peroxy abstracting a hydrogen from the tertiary 
carbon, thus forming an eight-ring transition state.  The reaction rate used was from the 
isomerization of decylperoxy radical forming decylhydroperoxy radical (Ranzi et al., 
2005).  O2 adds to the tertiary carbon, 5-carbon, of BCH1OOH to form BCH1OOHO2, 
R16.  The reaction rate is chosen from O2 addition to decylhydroperoxy radical to form 
peroxydecylhydroperoxy radical (Ranzi et al., 2005).  The peroxy attached to the tertiary 
carbon abstracts a hydrogen from the 1-carbon, R18.  This would require an eight-ring 
transition state, and the reaction rate is selected from the seven-ring transition state of 
Pitz et al. (2007).  This forms BCHOOHOOH, and the hydroperoxide bond at the 
1-carbon then breaks, R19.  This forms hydroxyl radical and a ketohydroperoxide, 
BCHOOHO.  The reaction rate is from the formation of C10 ketohydroperoxide and 
hydroxyl radical from the peroxydecylhydroperoxy radical of Ranzi et al. (2005).  Global 
decomposition of BCHOOHO then occurs, R22.  The products are hydroxyl and 
hydrogen radicals, CO, formaldehyde, cyclohexene, and ethene.  The reaction rate is 
from the global decomposition of decylketohydroperoxide into hydroxyl, acetaldehyde, 
formaldehyde, decene, and pentene of Ranzi et al. (2005). 
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 At temperatures above the low temperature branching path, the NTC region 
reactions become more active.  This includes the reversibility of R18, which is R25.  
Thus, BCHOOHOOH is not formed from BCH1OOHO2.  Additionally, R16 and R13 are 
also reversible reactions, allowing for R26 and R28.  The key reaction is the reversibility 
of R10, which is R31.  When temperatures are high enough, BCH1 will not react with O2 
because BCH1O2 will reverse the reaction via R31.  This reduces the concentration of 
hydroxyl radicals, and thus less n-butylcyclohexyl radicals are formed.  Additionally, two 
pathways for the formation of BCH1ENE, 1-butylcyclohexene, are included.  Via R34, 
HO2 is released from BCH1OOH, thus producing BCH1ENE.  The reaction rate used is 
from the production of decene and HO2 from the decomposition of decylhydroperoxy 
(Ranzi et al., 2005).  Via R35, BCH1 reacts with O2 to produce HO2 and BCH1ENE.  
The reaction rate used is from the reaction of decyl radical with O2 to produce decene and 
HO2 (Ranzi et al., 2005).  This reaction requires 3.5 kcal/mol.  The competing pathway 
for BCH1 is O2 addition, R10, which has no activation energy.  Thus, at higher 
temperatures, R35 can become more active than R10.   
 Several small species reactions are included in the model.  These include R38-
R45.  The necessity of these reactions is to propagate the concentration of radicals, and to 
close the radical concentration by the end of a 40-cm simulation.  All reactions are taken 
directly from Ranzi et al. (2005). 
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Figure 7-3: 3-D Diagram of n-butylcyclohexane in the chair conformation. 
 
 
 
7.2 Thermochemistry 
 In order to include an energy balance in the flow reactor model, CHEMKIN Pro 
requires thermochemistry for each species in the system.  For some species such as 
n-butylcyclohexane and small species including hydroxyl, hydrogen, molecular oxygen, 
and others, thermochemistry data from Sirjean et al. (2009) was used.  However, many 
species in the model did not have available thermochemistry data.  For these species, 
THERM (Ritter and Bozzelli, 1991) was used.  THERM uses the Benson group additivity 
method (Cohen and Benson, 1993) to determine the thermochemical properties of a 
defined species.  The input parameters required for THERM include the molecular 
formula, number of rotors, symmetry number, and the number and types of bonds.  The 
properties of a radical can be determined from its stable species by applying a bond 
dissociation increment to the stable molecule.  A fitting application converts the data into 
the NASA polynomial format necessary for CHEMKIN Pro.  Appendix B includes the 
thermochemistry file for the n-butylcyclohexane model. 
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7.3 Results 
 The model was evaluated under adiabatic conditions in the plug flow reactor 
module in CHEMKIN Pro for comparison to experiments.  The primary goal of the 
model was to simulate the NTC behavior of the experiments.  Figure 7-4 compares the 
experiment and model for n-butylcyclohexane.  The model predicts no reactivity at 
550-630 K, then rapid decomposition.  The fuel is completely consumed at all 
temperature until 830 K.  Over the interval 830-850 K, the fuel reactivity ceases.  Thus, 
the model captures the general trend of the experiment.  However, the model does not 
capture the gradual transitions for no-reactivity – reactivity – no-reactivity measured over 
the temperature range.  More reactions may be necessary if that is desired.  Particularly, 
there may be reactions where CO and OH are produced from intermediates such as the 
hydroperoxides.  
 The nature of this model, which is the first model to predict the general trends of a 
large alkylcyclohexane oxidized in the low temperature region, is thus similar to the early 
work on alkane models in this reaction regime (Halstead et al., 1975, 1977; Cox and Cole, 
1985; Hu and Keck, 1987).  Halstead et al. (1975, 1977) developed a model of 5 generic 
species and 8 generic reactions that predicted two-stage ignition, with model results 
based on ignition delay measurements of n-heptane / iso-octane blends in a rapid 
compression machine.  Cox and Cole (1985) extended the model to included 10 species 
and 15 reactions.  Hu and Keck (1987) modified the model to 13 species and 18 reactions, 
with treatment of exothermicity in the elementary reactions as the enthalpy changes.  The 
model was calibrated from experiments of C4-C8 alkane explosion limits in a constant 
volume spherical bomb.  Further refinement of the model by Cernansky, Miller, and co-
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workers improved the results by capturing more of the chemistry, with the addition of 5 
species and 11 reactions (Li et al., 1992).  Once more experimental results were acquired, 
this modified model was further improved by Li et al. (1996) and Zheng et al. (2001).  
The present semi-global kinetic model for n-butylcyclohexane can potentially provide the 
foundation for future models of large alkylcyclohexanes with more accurate details.  An 
initial attempt in this direction has been made and is described in Ch. 8. 
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Figure 7-4: n-Butylcyclohexane for model (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 Figure 7-5 compares the model and experiment for O2 consumption.  As the 
primary initiation is O2 with n-butylcyclohexane, the regions of n-butylcyclohexane 
consumption correspond with O2 consumption regions.  The model predicts maximum O2 
consumption at 630 K.  The O2 level is 40,087 ppm, and thus there is an O2 consumption 
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of 2,013 ppm, or approximately 2 ppm O2 consumed per molecule n-butylcyclohexane.  
The model under predicts O2 consumption, with the experiment indicating approximately 
4.5 ppm O2 consumed per molecule n-butylcyclohexane.  The model accurately predicts a 
decline in O2 consumption during the NTC region. 
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Figure 7-5: O2 for model (line) and experiment (points) from n-butylcyclohexane 
oxidation. 
 
 
 
 Figure 7-6 shows CO production by the model and experiment.  The model 
achieves the primary objective of predicting low temperature reactivity followed by NTC 
reduced reactivity.  The model under predicts maximum CO production by a factor of 
three.  Additionally, the model does not capture the smooth decline in CO production 
over the NTC region.  Rather, CO is still produced more significantly than in the 
experiments at 725-830 K and then abruptly declines at 830 K.   
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Figure 7-6: CO for model (line) and experiment (points) from n-butylcyclohexane 
oxidation. 
 
 
 
 Figure 7-7 compares formaldehyde production between the model and experiment.  
The model captured the trend of formaldehyde production with a region of increasing 
reactivity followed by NTC behavior; however, levels were under predicted by a factor of 
six.  The high production of formaldehyde in the experiments was noted and several 
paths for formaldehyde production were included in the model.  If BCH1 or BCH5 is 
produced and oxidized, formaldehyde is produced in the subsequent branching path.  
Additionally, ethene produced from the BCH5 path may further oxidize to formaldehyde.  
However, this mechanism still under predicts the formaldehyde levels; the modeling 
results indicated the ratio of formaldehyde output from n-butylcyclohexane is 
approximately 1:1.  Additional layers of oxidation of intermediates from 
n-butylcyclohexane to form formaldehyde are evident from the experiment but have not 
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been included in the present model.  However, this is not specifically required for a semi-
global model. 
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Figure 7-7: CH2O for model (line) and experiment (points) from n-butylcyclohexane 
oxidation. 
 
 
 
 Figure 7-8 shows model and experiment for the production of ethene from 
n-butylcyclohexane oxidation.  The model captures the trend of ethene production in the 
experiments, but over predicts concentrations by up to a factor of seven.  In addition to 
ethene, propene and 1-butene were measured at significant levels.  The production of the 
similar alkenes was likely from a similar pathway but occurring at different carbons.  For 
example, in the model, ethene is produced from decomposition of the butyl chain, 
following the BCH1 and BCH5 low temperature branching pathways.  Ethene was 
selected as the alkene product because it was in the highest concentrations.  But a more 
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detailed model may indicate that depending on which hydrogen is abstracted and the 
subsequent pathway, other alkenes would be produced.  Furthermore, the model assumes 
that the ring never opens and decomposes to smaller species.  Based on the species 
measured, 60% of the rings were destroyed at maximum reactivity (670 K sample 
temperature).  A major improvement of the model would be decomposition of the ring 
followed by production of smaller species such as ethene.  This would require additional 
reactions in the model to provide for separate pathways for ring decomposition. 
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Figure 7-8: Ethene for model (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 Figure 7-9 shows 1-butylcyclohexene production from the experiment and model.  
The model captured the trend of 1-butylcyclohexene with increased production in the 
NTC region; however, levels were over predicted by up to a factor of 20.  One cause is 
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that the semi-global model did not include pathways for the other large alkenes measured, 
including 3-ethylcyclohexene and 4-methylcyclohexene.  A larger factor was that the 
model did not consider ring opening.  Similarly, 4-butylcyclohexene was severely over 
predicted by the model, Fig. 7-10.  The model includes two paths for 4-butylcyclohexene 
production, both from the BCH8 radical.  In the low temperature branching path of BCH8, 
4-butylcyclohexene is produced from the decomposition of trans-9-decalol.  In the NTC 
region, 4-butylcyclohexene is produced via hydrogen abstraction of BCH8. 
 
 
 
0
50
100
150
200
250
300
350
400
450
550 600 650 700 750 800 850
Inlet temperature (K)
1-
B
ut
yl
cy
cl
oh
ex
en
e 
m
ol
ar
 fr
ac
tio
n 
(p
pm
)
 
Figure 7-9: 1-Butylcyclohexene for model (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
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Figure 7-10: 4-Butylcyclohexene for model (line) and experiment (points). 
 
 
 
 The model includes one ketone, cyclohexanone, Fig. 7-11.  Cyclohexanone 
production predicted by the model matched the experimental trend with increased 
production around peak reactivity; however, levels are over predicted by a factor of 
approximately eight.  An expansion of the model to include other ketones measured, 
particularly 2-cyclohexen-1-one and 4-methylcyclohexanone, would improve the model 
predictions.  However, for a semi-global model, the trend is captured. 
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Figure 7-11: Cyclohexanone for model (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 Figure 7-12 compares the model prediction of trans-9-decalol, also known as 
octahydro-trans-4a(2H)-naphthalenol, production with the experimental results.  Because 
of its high concentrations, trans-9-decalol was selected for the model as representative of 
the large complex cyclic intermediates measured in the experiments.  The model over 
predicted the level of trans-9-decalol production by a factor of approximately two.  
However, the trend was not captured in the model.  Experimentally, trans-9-decalol 
production increased in the NTC region.  However, the model assumes trans-9-decalol 
production through a low temperature branching path, and thus levels decrease in the 
NTC region. 
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Figure 7-12: trans-9-Decalol for model (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 H2O was estimated with the MS.  While the error for H2O is large, Fig. 7-13, the 
trend is still evident. H2O production increases around NTC peak and decreases in the 
low temperature regime.  The model includes H2O as the product from hydroxyl 
abstracting hydrogen from n-butylcyclohexane.  Thus H2O is a reactivity tracer species.  
The model under predicts H2O production by a factor of up to approximately two.  One 
source of discrepancy between model and experiment may be that hydroxyl radical 
abstracts hydrogen from intermediates.  Such an inclusion would improve H2O 
predictions as well as predictions for smaller intermediates that are under predicted (e.g., 
formaldehyde) and larger intermediates that are over predicted (e.g., 1- and 4-
butylcyclohexene, cyclohexanone, and trans-9-decalol). 
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Figure 7-13: H2O for model (line) and experiment (points) from n-butylcyclohexane 
oxidation. 
 
 
 
 Figure 7-14 compares modeling prediction and calculated experimental results for 
the temperature rise.  A minor increase in experimental temperature rise at temperatures 
below 625 K is not observed in the model.  However, the model accurately predicts the 
rapid temperature rise around 625 K.  Experimentally, temperature rise was as high as 
23 K, while the model predicts a maximum temperature rise of 13 K.  Considering 
uncertainties in temperature, the difference is minor.  In the NTC region, the temperature 
rise decreases sharply, but the model produces a more gradual decline over temperature.   
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Figure 7-14: Temperature rise for experiment (line) and model (dash) from 
n-butylcyclohexane oxidation. 
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CHAPTER 8.  SEMI-DETAILED N-BUTCYCLOHEXANE MECHANISM 
 
8.1 Reaction Mechanism 
 A semi-detailed reaction mechanism, with 41 species and 73 reactions, for the low 
temperature oxidation of n-butylcyclohexane was developed as a subset for inclusion to 
the existing JetSurF kinetic model.  Because JetSurF only contains a high temperature 
model for n-butylcyclohexane, the following mechanism can be added to JetSurF v1.1 for 
extension to low temperatures.  This reaction mechanism is different from the semi-
global model of Ch. 7 because it contains more elementary reactions.  The reactions and 
species involved further require that the entire small species H/C/O chemistry be included; 
thus, the mechanism is meant as an expansion of JetSurF v.1.1. 
 The mechanism uses species names from JetSurF v.1.1 where available.  It is 
listed as Appendix C and ready to be inserted into JetSurF v.1.1.  The mechanism starts 
with C4H9cC6H11, n-butylcyclohexane.  All initial hydrogen abstraction reactions are 
from JetSurF v.1.1.  From the model, hydrogen abstraction is possible from any of the 
eight carbon types, via any of six radical species, including OH, O, HO2, O2, CH3, and H.  
As shown in Fig. 7-1, the eight possible n-butylcyclohexyl radicals of BCH1, BCH2, 
BCH3, BCH4, BCH5, BCH6, BCH7, and BCH8 refer to, in JetSurF v.1.1, 
PXC4H8cC6H11, SXC4H8cC6H11, S2XC4H8cC6H11, S3XC4H8cC6H11, 
C4H9TXcC6H10, C4H9S2XcC6H10, C4H9S3XcC6H10, and C4H9S4XcC6H10, 
respectively.  At temperatures greater than 1000 K, reactions in JetSurF v.1.1 such as β-
scission reactions control reactivity; whereas, at lower temperatures, the new reactions, 
which all involve O2 addition to the n-butylcyclohexyl, radical come into play.  Figure 
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8-1 shows that six possible n-butylcyclohexylperoxy radicals are produced.  In Table 8-1, 
these are reactions SR1-SR6, with rate parameters selected from the molecular oxygen 
addition to n-decyl radical of Ranzi et al. (2005).   
 The next step of the n-butylcyclohexylperoxy radical is isomerization to the 
n-butylcyclohexylhydroperoxy radical (SR10-SR15).  The rate parameters are selected 
from the isomerization of n-decylperoxy radical to n-decylhydroperoxy radical of Ranzi 
et al. (2005).  A key feature of the mechanism is that while equivalent rate parameters are 
used for all isomerizations, future work that reveals more accurate rate parameters can 
easily be incorporated.  Nevertheless, for the current mechanism, only one isomerization 
from each n-butylcyclohexylperoxy radical to one n-butylcyclohexylhydroperoxy radical 
is considered.  From OOBcy1, a six-ring transition state to form OOHBcy1 is included 
(SR10).  From OOBcy2, a five-ring transition state to form OOHBcy2 is included (SR11).  
This reaction was selected from the other possible isomerizations of OOBcy2 because it 
preferentially produces formaldehyde, which was measured in high quantities.  
Additionally, the reaction results from the products of hydrogen abstraction from the 
primary carbon, which requires less energy than hydrogen abstraction from a secondary 
carbon.  From OOBcy3, a six-ring transition state to form OOHBcy3 is included (SR12).  
Like SR11, this isomerization preferentially produces formaldehyde and involves 
hydrogen abstraction from the primary carbon.  From OOBcy4, a seven-ring transition 
state to form OOHBcy4 is included (SR13).  Again, this isomerization preferentially 
produces formaldehyde and involves hydrogen abstraction from the primary carbon.  
From OOBcy6, a six-member ring transition state produces OOHBcy6 (SR14).  This 
isomerization was selected because it was assumed that the activation energy for internal 
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hydrogen abstraction from a linear secondary carbon would be less than that for a cyclic 
secondary carbon, and the transition state to the primary carbon would be unlikely due to 
the distance between the primary carbon and the peroxy site.  From OOBcy7, OOHBcy7 
is produced (SR15).  This could occur through internal hydrogen abstraction via either a 
five-member ring or six-member ring transition state, due to the potential nature of the 
peroxy site on the secondary cyclic carbon interacting in ether two- or three-dimensional 
ways with the tertiary cyclic carbon.   
 For the paths consuming OOHBcy2, OOHBcy3, and OOHBcy4, the reaction 
selected is addition of a second molecular oxygen to the radical carbon site, which is at 
the primary carbon for all three n-butylcyclohexylhydroperoxy radicals (SR19-SR21).  
Rate parameters are selected from O2 addition to the n-decylhydroperoxy radical from 
Ranzi et al. (2005).  For the OOOOHBcy2, OOOOHBcy3, and OOOOHBcy4 
peroxycyclohexylhydroperoxy radicals, the next step is isomerization to form a 
ketocyclohexylhydroperoxide and OH.  These reactions produce OOHOBcy2, 
OOHOBcy3, and OOHOBcy4, respectively (SR25-SR27).  As large concentrations of 
formaldehyde were measured, it is assumed that each ketocyclohexylhydroperoxide 
decomposes to produce formaldehyde.  From OOHOBcy2, the bond breaks at the carbon 
attached to the peroxy function; thus, in addition to formaldehyde, the products are OH 
and a cycloalkanoyl radical, OPcy1 (SR31).  From OOHOBcy3, the bond breaks at the 
carbon adjacent to the carbon attached to the peroxy function; thus, in addition to 
formaldehyde, the products are OH and a ketocycloalkyl radical, OPcy2 (SR32).  
Similarly, from OOHOBcy4, the bond breaks at the carbon two carbons from the carbon 
attached to the peroxy function; thus, in addition to formaldehyde, the products are OH 
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and another ketocycloalkyl radical, OPcy3 (SR33).  For all three reactions, the rate 
parameters are selected from the global decomposition reaction of the 
decylketohydroperoxide of Ranzi et al. (2005).   
 Further decomposition occurs for the cycloalkanoyl and ketocycloalkyl radicals.  
CO breaks from OPcy1 to produce ethylcyclohexyl radical (SR38).  The notation used, 
PXC2H4cC6H11, is selected because the species is already included in JetSurF v.1.1 
from its high temperature ethylcyclohexane reactions.  The rate parameters are selected 
from the decomposition of the decanoyl radical into CO and nonyl radical of Westbrook 
et al. (2009).  From OPcy2, the bond breaks at the carbon attached to the peroxy function 
such that the products are methylcyclohexyl radical and ketene, also known as ethenone 
(SR40).  The rate parameters are selected from a similar reaction of the decomposition of 
C8 ketocycloalkyl radical forming ethenone and heptyl radical (Westbrook et al., 2009).  
From OPcy3, decomposition yields the cycloalkanoyl radical OMcy1 and ethene (SR41).  
The rate parameter is selected from the similar reaction of C9 ketocycloalkyl radical 
decomposing to form heptanoyl radical and ethene (Westbrook et al., 2009).  Subsequent 
decomposition of OMcy1 yields the cyclohexyl radical cy1 and CO (SR39).  The rate 
parameters selected are from the similar reaction of nonanoyl radical decomposing to 
octyl radical and CO (Westbrook et al., 2009).       
 The three alkyl radicals then undergo molecular oxygen addition (SR7-SR9).  
Rate parameters selected for these lighter cyclohexylperoxy radicals are the same as those 
for the production of the n-butylcyclohexylperoxy radicals.  Isomerization then occurs 
(SR16-SR18).  Reaction rates are those used from the isomerization to form 
n-butylcyclohexylhydroperoxy radical.  O2 addition to the radicals then yields the 
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peroxycyclohexylhydroperoxy radicals (SR22-SR24), using the rate parameters as those 
from the second O2 addition to the n-butylcyclohexylhydroperoxy radicals.  The 
peroxycyclohexylhydroperoxy radicals then undergo decomposition to yield OH and a 
ketocyclohexylhydroperoxide (SR28-SR30).  These latter species then decompose to 
several smaller species, dependent upon the parent structure.  The format follows the 
decomposition of large ketoalkylhydroperoxides in the model of large n-alkane oxidation 
developed by Westbrook et al. (2009), where the species decompose to form hydroxyl 
radicals, alkenes, oxoalkyl radicals, and ketenes.  The species OOHOEcy1 decomposes to 
form OH, ethene, ethenone, and 4-oxobutyl radical (SR34).  The species OOHOMcy1 
decomposes to form OH, ethene, ethenone, and 3-oxopropyl radical (SR35).  Similarly, 
OOHOcy1 decomposes to OH, ethene, ethenone, and 2-oxoethyl radical (SR36).  While 
JetSurF v.1.1 does not include 4-oxobutyl radical and 3-oxopropyl radical, these species 
are included in the model of Westbrook et al. (2009).  As such, reactions for the 
decomposition of 3-oxopropyl radical and 4-oxobutyl radical to decompose to ethene and 
formyl radical and ethene and 2-oxoethyl radical, respectively, are added (SR70-SR71).  
Additionally, two low temperature reactions for the consumption of ethenone via OH are 
included from Ranzi et al. (2005) (SR72-SR73). 
 
 
 
Table 8-1: Semi-detailed kinetic mechanism for low temperature 
n-butylcyclohexane oxidation. 
SR Reaction A* n Ea Source**
1 PXC4H8cC6H11+O2=>OOBcy1 .2E+13 0 0 O2+NC10H21=>NC10H21-OOa
2 SXC4H8cC6H11+O2=>OOBcy2 .2E+13 0 0 O2+NC10H21=>NC10H21-OOa
3 S2XC4H8cC6H11+O2=>OOBcy3 .2E+13 0 0 O2+NC10H21=>NC10H2
                                                 
* Units are cal, mol, K, and s. 
** a=Ranzi et al., 2005; b=Sirjean et al., 2009; c= Westbrook et al., 2009.   
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1-OOa
4 S3XC4H8cC6H11+O2=>OOBcy4 .2E+13 0 0 O2+NC10H21=>NC10H21-OOa
5 C4H9S2XcC6H10+O2=>OOBcy6 .2E+13 0 0 O2+NC10H21=>NC10H21-OOa
6 C4H9S3XcC6H10+O2=>OOBcy7 .2E+13 0 0 O2+NC10H21=>NC10H21-OOa
7 PXC2H4cC6H11+O2=>OOEcy1 .2E+13 0 0 O2+NC10H21=>NC10H21-OOa
8 PXCH2cC6H11+O2=>OOMcy1 .2E+13 0 0 O2+NC10H21=>NC10H21-OOa
9 cy1+O2=>OOcy1 .2E+13 0 0 O2+NC10H21=>NC10H21-OOa
10 OOBcy1=>OOHBcy1 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
11 OOBcy2=>OOHBcy2 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
12 OOBcy3=>OOHBcy3 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
13 OOBcy4=>OOHBcy4 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
14 OOBcy6=>OOHBcy6 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
15 OOBcy7=>OOHBcy7 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
16 OOEcy1=>OOHEcy1 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
17 OOMcy1=>OOHMcy1 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
18 OOcy1=>OOHcy1 .3E+13 0 24000.0 NC10H21-OO=>NC10-QOOHa
19 OOHBcy2+O2=>OOOOHBcy2 .2E+13 0 0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
20 OOHBcy3+O2=>OOOOHBcy3 .2E+13 0 0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
21 OOHBcy4+O2=>OOOOHBcy4 .2E+13 0 0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
22 OOHEcy1+O2=>OOOOHEcy1 .2E+13 0 0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
23 OOHMcy1+O2=>OOOOHMcy1 .2E+13 0 0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
24 OOHcy1+O2=>OOOOHcy1 .2E+13 0 0 
NC10-
QOOH+O2=>NC10-
OOQOOHa
25 OOOOHBcy2=>OH+OOHOBcy2 .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
26 OOOOHBcy3=>OH+OOHOBcy3 .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
27 OOOOHBcy4=>OH+OOHOBcy4 .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
28 OOOOHEcy1=>OH+OOHOEcy1 .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
29 OOOOHMcy1=>OH+OOHOMcy1 .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
30 OOOOHcy1=>OH+OOHOcy1 .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
31 OOHOBcy2=>OH+CH2O+OPcy1 .185E+15 0 40300.0 
NC10-
OQOOH=>OH+CH3CO+
CH2O+.45NC10H20+.5N
C5H10a
32 OOHOBcy3=>OH+CH2O+OPcy2 .185E+15 0 40300.0 
NC10-
OQOOH=>OH+CH3CO+
CH2O+.45NC10H20+.5N
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C5H10a
33 OOHOBcy4=>OH+CH2O+OPcy3 .185E+15 0 40300.0 
NC10-
OQOOH=>OH+CH3CO+
CH2O+.45NC10H20+.5N
C5H10a
34 OOHOEcy1=>OH+C2H4+CH2CO+C3H6CHO .185E+15 0 40300.0 
NC10-
OQOOH=>OH+CH3CO+
CH2O+.45NC10H20+.5N
C5H10a
35 OOHOMcy1=>OH+C2H4+CH2CO+C2H4CHO .1850E+15 0 40300.0 
NC10-
OQOOH=>OH+CH3CO+
CH2O+.45NC10H20+.5N
C5H10a
36 OOHOcy1=>OH+C2H4+CH2CO+CH2CHO .185E+15 0 40300.0 
NC10-
OQOOH=>OH+CH3CO+
CH2O+.45NC10H20+.5N
C5H10a
37 OOHBcy1=>OH+CO+CH3+PXC2H4cC6H11 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
38 OPcy1=>PXC2H4cC6H11+CO 1.0E+11 0 9.6E+03 nc9h19co=>c9h19-1+coc
39 OMcy1=>cy1+CO 1.0E+11 0 9.6E+03 nc8h17co=c8h17-1+coc
40 OPcy2=>PXCH2cC6H11+CH2CO 2.0E+13 0 31000 c7h15coch2=>c7h15-1+ch2coc
41 OPcy3=>OMcy1+C2H4 5.0E+17 -1.5 26000 c6coc2h4p=>nc6h13co+c2h4c
42 C4H9TXcC6H10+O2=>Bcy1ene+HO2 .5E+12 0 3500.0 O2+NC10H21=>NC10H20+HO2a
43 C4H9S4XcC6H10+O2=>Bcy4ene+HO2 .5E+12 0 3500.0 O2+NC10H21=>NC10H20+HO2a
44 OOHBcy6=>T9DECALOL+OH .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
45 OOHBcy7=>Ocy+C4H81+OH .1E+13 0 23000.0 NC10-OOQOOH=>NC10-OQOOH+OHa
46 OOOOHBcy2=>OOHBcy2+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
47 OOOOHBcy3=>OOHBcy3+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
48 OOOOHBcy4=>OOHBcy4+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
49 OOOOHEcy1=>OOHEcy1+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
50 OOOOHMcy1=>OOHMcy1+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
51 OOOOHcy1=>OOHcy1+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
52 OOHBcy1=>OOBcy1 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
53 OOHBcy2=>OOBcy2 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
54 OOHBcy3=>OOBcy3 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
55 OOHBcy4=>OOBcy4 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
56 OOHBcy6=>OOBcy6 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
57 OOHBcy7=>OOBcy7 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
58 OOHEcy1=>OOEcy1 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
59 OOHMcy1=>OOMcy1 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
60 OOHcy1=>OOcy1 1.0E+11 0 12500.0 PC12OOHX2=>PC12H25O2b
61 OOBcy1=>PXC4H8cC6H11+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
62 OOBcy2=>SXC4H8cC6H11+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
63 OOBcy3=>S2XC4H8cC6H11+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-
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5+o2c
64 OOBcy4=>S3XC4H8cC6H11+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
65 OOBcy6=>C4H9S2XcC6H10+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
66 OOBcy7=>C4H9S3XcC6H10+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
67 OOEcy1=>PXC2H4cC6H11+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
68 OOMcy1=>PXCH2cC6H11+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
69 OOcy1=>cy1+O2 1.357E+23 -2.36 3.767E+4 c10H21o2-5=>c10h21-5+o2c
70 C2H4CHO=>C2H4+HCO 3.127E+13 -0.52 2.459E+4 ch2ch2cho=>c2h4+hcoc
71 C3H6CHO=>C2H4+CH2CHO 7.4E+11 0.00 2.197E+4 c3h6cho-1=>c2h4+ch2choc
72 CH2CO+OH=>HCO+CH2O .28E+14 0 0 OH+CH2CO=>HCO+CH2Oa
73 CH2CO+OH=>CH3+CO2 .3E+13 0 0 OH+CH2CO=>CH3+CO2a
 
 
 
 For the case of hydrogen abstraction from the primary carbon to form 
PXC4H8cC6H11 followed by O2 addition to form OOBcy1, the mechanism includes a 
path for rapid decomposition.  This feature supports the gradual rise of CO with 
increasing temperature.  As mentioned, isomerization forms OOHBcy1.  The 
butylcyclohexylhydroperoxide then decomposes, with the bond breaking at the secondary 
alkyl carbon radical site (SR37).  The products are OH, CO, CH3, and the 
ethylcyclohexyl radical PXC2H4cC6H11.  Thus, the reaction then reduces to the format 
followed from SXC4H8cC6H11 reactivity. 
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Figure 8-1: Pathways of n-butylcyclohexane oxidation in the semi-detailed 
mechanism. 
 
 
 
 For the case of OOHBcy6, the butyl chain interacts with the cyclohexane ring to 
form a dicyclohexane.  The products are trans-9-decalol and OH (SR44).  The rate 
parameters used are from decomposition of peroxydecylhydroperoxy radical to form OH 
and decylketohydroperoxide of Ranzi et al. (2005).  The complexity of interactions 
between alkyl chains and cyclohexane rings would be an interest of more research, but 
the current reaction is an initial suggestion.  
 For the case of OOHBcy7, the bond breaks at the tertiary alkyl carbon radical site.  
The products are cyclohexanone, 1-butene, and OH.  The rate parameters are from 
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decomposition of peroxydecylhydroperoxy radical to form OH and 
decylketohydroperoxide of Ranzi et al. (2005). 
 When hydrogen abstraction from n-butylcyclohexane occurs at the 5-carbon and 
8-carbon sites, the products are C4H9TXcC6H10 and C4H9S4XcC6H10, respectively.  
To account for the measurements of butylcycloalkenes, O2 reaction with these 
butylcyclohexyl radicals yields 1-butylcyclohexene (SR42) and 4-butylcyclohexene 
(SR43), respectively, and HO2.  Rate parameters are those from hydrogen abstraction via 
O2 from decyl radical to form decene and HO2 (Ranzi et al., 2005). 
 At temperatures above the low temperature branching path, the NTC region 
reactions become more active.  This includes the reversibility of SR1-SR9, which are 
SR61-SR69.  Thus, cyclohexylperoxy radicals are not formed from cyclohexyl radicals.  
Additionally, SR10-SR18 are also reversible reactions, allowing for SR52-SR60.  Other 
reactions that are reversible are SR19-SR24; their reverse reactions are SR46-SR51.  
When temperatures are high enough, the cyclohexylhydroperoxy radicals will not react 
with O2 because the peroxycyclohexylhydroperoxy radicals will reverse the reaction.  
These reverse reactions activated at higher temperatures reduce the chain branching 
process.  Since fewer hydroxyl radicals are produced, fewer n-butylcyclohexyl radicals 
are formed.  Additionally, the four pathways for the formation of the two 
butylcycloalkenes, trans-9-decalol, and cyclohexanone are more active at higher 
temperatures and are chain propagating pathways.  The ultimate effect of the reversible 
reactions and chain propagating reactions overcoming the chain branching reactions at 
higher temperatures is the NTC region. 
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8.2 Thermochemistry 
 For the plug flow reactor setup in CHEMKIN Pro, a thermochemistry file is 
required.  For the two larger oxoalkyl radicals, thermochemistry data from Westbrook et 
al. (2009) was used.  For the cyclohexyl radical, thermochemistry data from Silke et al. 
(2007) was used.  However, most of the species in the mechanism did not have available 
thermochemistry data.  For these species, THERM (Ritter and Bozzelli, 1991) was used.  
Appendix D includes the thermochemistry file for the n-butylcyclohexane semi-detailed 
mechanism. 
 
8.3 Results 
 The model was evaluated under adiabatic conditions in the plug flow reactor 
module in CHEMKIN Pro for comparison to experiments.  The primary goal of the 
model was to simulate the NTC behavior of the experiments.  Figure 8-2 compares the 
experiment and model for n-butylcyclohexane.  The model predicts no reactivity at 
550-650 K, then decomposition.  The fuel predicts up to 90% fuel consumption, at 688 K.  
At 688-811 K, the fuel consumption declines, to 1%.  Then, interestingly, a region of 
slight intermediate temperature reactivity begins.  Nevertheless, the model captures the 
general trend of the experiment.  However, the model does not capture the gradual 
decline of n-butylcyclohexane over the temperature interval of 550-650 K; more 
reactions may be necessary if that is desired, or rate parameters may need to be adjusted 
for n-butylcyclohexane oxidation reactions.  Particularly, there may be more reactions 
where CO and OH are produced from intermediates such as the hydroperoxides. 
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Figure 8-2: n-Butylcyclohexane for modified JetSurF (line) and experiment (points) 
from n-butylcyclohexane oxidation. 
 
 
 
 Figure 8-3 compares the model and experiment for O2 consumption.  As all 
reactivity is initiated by O2 with n-butylcyclohexane, the regions of n-butylcyclohexane 
consumption correspond with O2 consumption regions.  The model predicts maximum O2 
consumption at 692 K.  The O2 level is 37,654 ppm, and thus there is an O2 consumption 
of 4,446 ppm, or approximately 4 ppm O2 consumed per molecule n-butylcyclohexane.  
The model under predicts O2 consumption, with the experiment indicating approximately 
4.5 ppm O2 consumed per molecule n-butylcyclohexane.  The model accurately predicts 
the decline in O2 consumption during the NTC region within experimental uncertainty. 
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Figure 8-3: O2 for modified JetSurF (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 Figure 8-4 shows CO production by the model and experiment.  The model 
achieves the primary objective of predicting low temperature reactivity followed by NTC 
reduced reactivity.  The model over predicts maximum CO production by a factor of 1.5.  
The model captures the smooth rise and decline in CO production; however, the 
reactivity trend is shifted such that the model predicts similar results as the experiments 
but at approximately 50 K higher temperatures. 
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Figure 8-4: CO for modified JetSurF (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 Figure 8-5 compares formaldehyde production between the model and experiment.  
The model captured the trend of formaldehyde production with a region of increasing 
reactivity followed by NTC behavior; however, levels were under predicted by a factor of 
five.  The high production of formaldehyde in the experiments was noted and several 
paths for formaldehyde production were included in the model.  If SXC4H8cC6H11, 
S2XC4H8cC6H11, or S3XC4H8cC6H11 is produced and oxidized, formaldehyde is 
rapidly produced in the subsequent branching path.  However, this mechanism still limits 
the production of formaldehyde; the modeling results indicated the ratio of formaldehyde 
output from n-butylcyclohexane is approximately 1:0.5.  Additional layers of oxidation of 
intermediates from n-butylcyclohexane to form formaldehyde are evident from the 
experiment but have not been included in the present model.  However, this is not 
specifically required for a semi-detailed model.  
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Figure 8-5: CH2O for modified JetSurF (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 Figure 8-6 shows model and experiment for the production of ethene from 
n-butylcyclohexane oxidation.  The model captures the trend of ethene production in the 
experiments, but severely over predicts concentrations by up to a factor of 17.  In 
addition to ethene, propene and 1-butene were measured at significant levels.  The 
production of the similar alkenes was likely from a similar pathway but occurring at 
different carbons.  For example, in the model, ethene is produced from decomposition in 
the PXC4H8cC6H11, SXC4H8cC6H11, S2XC4H8cC6H11, and S3XC4H8cC6H11 low 
temperature branching pathways.  Ethene was selected as the alkene product because it 
was in the highest concentrations.  But a more detailed model may indicate that 
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depending on which hydrogen is abstracted and the subsequent pathway, more alkenes 
would be produced.   
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Figure 8-6: Ethene for modified JetSurF (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 Figure 8-7 shows 1-butylcyclohexene production from the experiment and model.  
The model did not capture the trend of 1-butylcyclohexene with increased production in 
the NTC region; additionally, levels were over predicted by up to a factor of two.  One 
cause is that the semi-detailed model did not include pathways for the other large alkenes 
measured, including 3-ethylcyclohexene and 4-methylcyclohexene.  A larger factor was 
that the model assumes 1-butylcyclohexene production via the production of 
C4H9S3XcC6H10.  However, the production of the butylcyclohexyl isomer is dependent 
upon the rate parameters in JetSurF v.1.1 and thus was optimized for high temperature 
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reactions.  The initial reaction of n-butylcyclohexane to form the butylcyclohexyl isomer 
may require more accurate refinement for low temperatures.  Similarly, 
4-butylcyclohexene was severely over predicted by the model, Fig. 8-8.  The model 
includes one path for 4-butylcyclohexene production, from the C4H9S4XcC6H10 radical.  
Predictions are better for 4-butylcyclohexene than 1-butylcyclohexene.  However, 
production of 4-butylcyclohexene declines in the NTC region, unlike in the experiments. 
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Figure 8-7: 1-Butylcyclohexene for modified JetSurF (line) and experiment (points) 
from n-butylcyclohexane oxidation. 
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Figure 8-8: 4-Butylcyclohexene for modified JetSurF (line) and experiment (points). 
 
 
 
 The model includes one cycloketone, cyclohexanone, Fig. 8-9.  Cyclohexanone 
production predicted by the model matched the experimental trend with increased 
production around peak reactivity; however, levels are under predicted by a factor of 
approximately two.  An expansion of the model to include other ketones measured, 
particularly 2-cyclohexen-1-one and 4-methylcyclohexanone, would improve the model 
predictions.  However, for a semi-detailed model, the trend is captured. 
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Figure 8-9: Cyclohexanone for modified JetSurF (line) and experiment (points) 
from n-butylcyclohexane oxidation. 
 
 
 
 Figure 8-10 compares the model prediction of trans-9-decalol, also known as 
octahydro-trans-4a(2H)-naphthalenol, production with the experimental results.  Because 
of its high concentrations, trans-9-decalol was selected for the model as representative of 
the large complex cyclic intermediates measured in the experiments.  The model under 
predicted the level of trans-9-decalol production by a factor of approximately four.  
Moreover, the profile was not captured in the model.  Experimentally, trans-9-decalol 
production increased in the NTC region.  However, the model assumes trans-9-decalol 
production through a low temperature branching path, and thus levels decrease in the 
NTC region. 
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Figure 8-10: trans-9-Decalol for modified JetSurF (line) and experiment (points) 
from n-butylcyclohexane oxidation. 
 
 
 
 H2O was estimated with the MS.  While the error for H2O is large, Fig. 8-11, the 
trend is still evident.  H2O production increases around NTC peak and decreases in the 
low temperature regime.  The model includes H2O as the product from hydroxyl 
abstracting hydrogen from n-butylcyclohexane.  Thus H2O is a reactivity tracer species.  
The model does not predict H2O production until 650 K, unlike the experiments, but at 
700 K and in the NTC region, the model prediction is good.  One source of discrepancy 
between model and experiment may be that hydroxyl radical abstracts hydrogen from 
intermediates.  Such an inclusion would improve H2O predictions. 
 116
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
550 600 650 700 750 800 850
Inlet temperature (K)
H
2O
 m
ol
ar
 fr
ac
tio
n 
(p
pm
)
 
Figure 8-11: H2O for modified JetSurF (line) and experiment (points) from 
n-butylcyclohexane oxidation. 
 
 
 
 Figure 8-12 compares modeling prediction and calculated experimental results for 
the temperature rise.  A minor increase in experimental temperature rise at temperatures 
below 625 K is not observed in the model.  The model does not predict any temperature 
rise until about 650 K, when the experimental temperature rise is peaking.  
Experimentally, temperature rise was as high as 23 K, while the model predicts a 
maximum temperature rise of 28 K.  Considering uncertainties in temperature, the 
difference is minor.   
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Figure 8-12: Temperature rise for experiment (line) and modified JetSurF (dash) 
from n-butylcyclohexane oxidation. 
 
 
 
8.4 Modified JetSurF v.1.1 Validation 
 JetSurF v.1.1 contains 352 species and 2,083 reactions, including a high 
temperature n-butylcyclohexane mechanism.  With the addition of the semi-detailed 
mechanism for the oxidation of n-butylcyclohexane in the low temperature region, 
JetSurF contains 393 species and 2,156 reactions.  To verify that the added mechanism 
does not affect the high temperature behavior, the model was run with and without the 
added mechanism throughout the low, intermediate, and high temperature regions.  
Figure 8-13 shows the CO and CO2 production from n-butylcyclohexane oxidation at the 
experimental conditions of this study using JetSurF v.1.1 without the added mechanism.  
n-Butylcyclohexane is not reactive until 900 K, when CO is produced significantly.  By 
1125 K, the fuel is nearly completely consumed, as 98% of the fuel has been converted to 
CO2. 
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Figure 8-13: CO (line) and CO2 (dash) predictions from n-butylcyclohexane 
oxidation using JetSurF v.1.1. 
 
 
 
 Figure 8-14 shows CO and CO2 production from n-butylcyclohexane oxidation 
using JetSurF v.1.1 with the added low temperature mechanism.  The low temperature 
region is clearly seen starting at approximately 675 K.  At 690 K, the NTC region begins 
as reactivity decreases.  Reactivity ceases by 800 K.  From 800 K to 1250 K, JetSurF 
predicts the same results with and without the low temperature mechanism.   
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Figure 8-14: CO (line) and CO2 (dash) predictions from n-butylcyclohexane 
oxidation using JetSurF v.1.1 with added low temperature mechanism. 
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CHAPTER 9.  CONCLUDING REMARKS 
 
9.1 Summary 
 The unique contributions from this work were: 
1) Several samples of JP-8 were oxidized in the low temperature region in the PFR to 
identify an “average” jet fuel sample, 
2) A possible jet fuel surrogate of 2:1:1 n-decane:n-butylcyclohexane:n-butylbenzene 
was compared to “average” JP-8 and the surrogate was more reactive than the fuel in 
the low temperature region in the PFR, 
3) A possible diesel fuel surrogate of 1:1:1 n-decane:n-butylcyclohexane:n-butylbenzene 
was compared to diesel fuel and the surrogate was more reactive than the fuel in the 
low temperature region in the PFR,  
4) The two surrogates and the “average” jet fuel were tested in autoignition experiments 
in a single cylinder research engine operating under PCI mode, and the three samples 
exhibited the same order of reactivity as in the PFR, suggesting that the low 
temperature reactions in the PFR experiments are a factor in the autoignition 
experiments in the engine, 
5) Methylcyclohexane and n-butylcyclohexane were oxidized at the same conditions in 
the PFR, and methylcyclohexane exhibited no reactivity while n-butylcyclohexane 
exhibited low temperature reactivity followed by an NTC region, 
6) Three replicate experiments were conducted in which n-butylcyclohexane was 
oxidized in the low temperature region followed by stable intermediate species 
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sampling at five temperature points which were analyzed for identification and 
quantification via GC/MS/FID, 
7) A semi-global chemical kinetic model was developed that captured the general 
reactivity trends of n-butylcyclohexane in the low temperature region, and 
8) A semi-detailed mechanism that can be added to JetSurF v.1.1 was developed that 
predicts the general reactivity trends of n-butylcyclohexane in the low temperature 
region. 
 The focus of this work was on the oxidation of n-butylcyclohexane in the low 
temperature regime of hydrocarbon combustion.  The first part of this study was on jet 
and diesel fuel surrogates composed of 2:1:1 and 1:1:1 mixtures of n-decane: 
n-butylcyclohexane: n-butylbenzene, respectively.  In the PFR and in the single cylinder 
CFR engine, the surrogates were compared to average JP-8 in oxidation experiments.  
The surrogates were more reactive than the JP-8 in both facilities.   
 When the surrogate experiments were conducted, there was no experimental data 
on the combustion of n-butylcyclohexane.  Recently, work on lighter alkylcyclohexanes 
has expanded.  To compare n-butylcyclohexane with lighter alkylcyclohexanes, 
n-butylcyclohexane was compared with methylcyclohexane in the PFR.  Under similar 
experimental conditions, specifically, a fuel-lean equivalence ratio, methylcyclohexane 
showed no reactivity, but n-butylcyclohexane showed reactivity behavior similar to 
n-alkanes.   
 To understand the key sources of reactivity for n-butylcyclohexane, experiments 
coupling the PFR with GC/MS/FID analysis of stable product samples were conducted.  
To quantity a level of experimental reproducibility, three similar experiments were 
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conducted.  65 intermediate species were identified and quantified.  Key measured 
intermediates included formaldehyde, carbon monoxide, trans-9-decalol, 7-n-propyl-
trans-8-oxabicyclo[4.3.0]nonane, 1-(4-methylhexahydrocyclopenta[b]furan-2-yl)-propan-
1-one, cyclohexanone, 2-cyclohexen-1-one, 4-butylcyclohexene, and carbon dioxide.  
Other species measured in high quantities, but not contributing as much to the carbon 
balance due to their size, included ethene, acetic acid, propene, 1-butene, acetaldehyde, 
propanal, and butanal.  As a whole, the dataset is unique in characterizing the low 
temperature combustion of large alkylcyclohexanes similar to those found in jet and 
diesel fuels.   
 Because the only existing n-butylcyclohexane model did not include a low 
temperature reactivity mechanism, an effort to produce a kinetic model for low 
temperature n-butylcyclohexane oxidation was undertaken.  Initially, a semi-global 
model containing elementary and global reactions was developed.  The primary goal of 
the model was to reproduce the CO reactivity mapping of the experimental results.  This 
required including paths for low temperature reactivity and NTC reduced reactivity.  
Pathways were identified, and reaction rate parameters were deduced from those in the 
published models of similar reactions.  Thermochemical datasets for species unique to 
low temperature n-butylcyclohexane oxidation were produced using the THERM 
software. 
 The semi-global model captured the general behavior of increasing CO 
production at temperatures below approximately 700 K, followed by reduced CO 
production at temperatures above 700 K.  Corresponding NTC trends are observed in 
other key species in the model, including the parent fuel and O2.  Also, most of the 
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intermediate species predictions followed the experimental profiles, although 
quantitatively the differences are large.  This is a natural occurrence with semi-global 
models, which do not include extensive intermediate species mechanisms.  Nevertheless, 
the model is a good initial step at understanding low temperature oxidation of large 
alkylcyclohexanes. 
 The framework of the semi-global model was expanded into a semi-detailed 
mechanism with more elementary reactions and fewer global reactions.  The semi-
detailed mechanism was added to the JetSurF v.1.1 model.  Model predicts were good, 
particularly considering this is the first effort at modeling the low temperature oxidation 
of n-butylcyclohexane.  The general trend of low temperature reactivity followed by 
reduced NTC reactivity is captured by the model.  The general trends of most 
intermediate species are captured in the model.  It should be noted that several areas that 
requiring further improvement in the model are its lack of ability to predict reactivity at 
the lower temperatures in the low temperature region, and its under prediction of 
formaldehyde levels at lower temperatures.  Nevertheless, when the mechanism is added 
to JetSurF v.1.1, the model is capable of predicting two-stage ignition for 
n-butylcyclohexane, the existence of which was confirmed experimentally in the PFR and 
engine experiments.  
 
9.2 Future Work 
 The outcome of this work suggests several interesting future areas of research.  
These include both experimental and modeling endeavors.  As discussed in Ch. 4, 
reactivity profiles in the PFR were conducted for methylcyclohexane and 
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n-butylcyclohexane; the former was not reactive neat while the latter was.  Further 
experiments exploring ethylcyclohexane, n-propylcyclohexane, iso-propylcyclohexane, 
and other alkylcyclohexanes would provide interesting information concerning the length 
and structure of an alkyl chain required to initiate reactivity of the alkylcyclohexane.  
This is particularly important considering that an alternative fuel, coal-derived jet fuel, is 
composed of nearly 100% cycloalkanes (Smith and Bruno, 2007).  Additionally, detailed 
experiments with GC/MS/FID for all alkylcyclohexanes lighter than n-butylcyclohexane 
but still reactive neat would yield helpful comparative results identifying which 
intermediate species are produced regardless of the structure of the alkyl chain. 
 The present work also provides opportunities for future modeling work.  There 
are practical reasons to expand the semi-global model and semi-detailed model, or to 
reduce them to a smaller global model.  A detailed model would more accurately capture 
the underlying chemistry.  On the other hand, a global model would be more applicable 
for coupling to CFD for designing combustion systems.  Additionally, the present semi-
global model has several areas of concern.  One is that the model does not have reactions 
for ring opening and subsequent decomposition.  Quantification of intermediates 
indicates that approximately 50% of the rings open and decompose to smaller species.  
Including pathways for ring opening would improve the model predictions greatly.   
Another discrepancy between the model and the experimental results is that the large 
complex intermediates exhibit increasing production with temperature in the NTC region 
in the experiments, but the model predicts that their levels decrease in the NTC region.  
The understanding of their formation is most likely not from a traditional low 
temperature branching path, as the model assumes, but some other path.  More modeling 
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and analytical studies are required to improve the understanding of n-butylcyclohexane 
oxidation chemistry. 
 Concerning future improvement of the semi-detailed mechanism, the current 
version is a good initial effort and will make future adjustments relatively accessible.  For 
example, if more accuracy is desired, then more isomerizations can easily be included in 
the model.  This would lead to more possible decomposition paths and improved 
predictions of small species.  Also, many of the reactions use the same rate parameters, 
based on similar n-alkane models.  Calculating actual rate parameters with quantum 
mechanical methods is possible and then the rate parameters can be improved.   
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Appendix A: n-Butylcyclohexane Semi-Global Kinetic File 
 
 
 
 
ELEMENTS 
C 
H 
O 
N 
END 
SPECIES 
BCH 
H 
BCH1 
H2 
O2 
HO2 
OH 
H2O 
BCH1O2 
BCH1OOH 
BCH1OOHO2 
BCHOOHOOH 
CO 
CH2O 
C6H10 
N2 
BCHOOHO 
BCH1ENE 
C2H4 
H2O2 
BCH8 
BCH8O2 
BCH8OOH 
DECALOL 
BCH4ENE 
BCH5 
BCH5O2 
BCH5OOH 
BCH5OOHO2 
C6O 
END 
REACTIONS 
!H-abstraction from n-butylcyclohexane 
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BCH+H=>BCH1+H2            .3861E+08       2.0     
3950.57 !H+NC10H22=>H2+NC10H21 (Milano) 
BCH+O2=>BCH1+HO2           2.00e+13       .000  
50930.0 !C4H9cC6h11+O2=>PXC4H8cC6H11+HO2 (JetSurF 1.1) 
BCH+OH=>BCH1+H2O           .7189E+07       2.0     -
2259.83 !OH+NC10H22=>H2O+NC10H21 (Milano) 
BCH+H=>BCH8+H2             .3861E+08       2.0     
3950.57 !H+NC10H22=>H2+NC10H21 (Milano) 
BCH+O2=>BCH8+HO2           2.00e+13       0.00  
50930.0 !C4H9cC6h11+O2=>PXC4h8cC6H11+HO2 (JetSurF 1.1) 
BCH+OH=>BCH8+H2O            1.08E+07       2.0     -
1133. !CHX+O2=>CHXRAD+H2O (Livermore cyclohexane) 
BCH+H=>BCH5+H2             .3861E+08       2.0     
3950.57 !H+NC10H22=>H2+NC10H21 (Milano) 
BCH+O2=>BCH5+HO2             2.00e+13       0.00  
50930.0 !C4H9cC6h11+O2=>PXC4h8cC6H11+HO2 (JetSurF 1.1) 
BCH+OH=>BCH5+H2O             .7189E+07       2.0     -
2259.83 !OH+NC10H22=>H2O+NC10H21 (Milano) 
!O2 addition to C10H19 radical 
BCH1+O2=>BCH1O2                .2000E+13       .000     .0 !O2+NC10H21=>NC10H21-
OO (Milano) 
BCH8+O2=>BCH8O2               .2000E+13       .000     .0 !O2+NC10H21=>NC10H21-
OO (Milano) 
BCH5+O2=>BCH5O2                .2000E+13       .000     .0 !O2+NC10H21=>NC10H21-
OO (Milano) 
!O2 to OOH isomerization 
BCH1O2=>BCH1OOH              .3000E+13      .000      24000.0 !NC10H21-OO=>NC10-
QOOH (Milano) 
BCH8O2=>BCH8OOH                .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
BCH5O2=>BCH5OOH                 .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
!O2 addition to OOH 
BCH1OOH+O2=>BCH1OOHO2           .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
BCH5OOH+O2=>BCH5OOHO2             .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
!OOHO2 to OOHOOH isomerization 
BCH1OOHO2=>BCHOOHOOH              5.0E+12       0           19050 !7-ring TS state 
(Livermore) 
!Hydroperoxide decomposition 
BCHOOHOOH=>BCHOOHO+OH            .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH 
BCH5OOHO2=>OH+CO+2H+C6O+CH2O+C2H4  .1000E+13      .000       
23000.0 !NC10-OOQOOH=>NC10-OQOOH+OH 
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BCH8OOH=>OH+DECALOL              .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH 
!Second OH production 
BCHOOHO=>OH+H+CO+CH2O+C6H10+C2H4  .1850E+15  .000    40300.0 !NC10-
OQOOH=>OH+CH3CO+CH2O+.45NC10H20+.5NC5H10 (Milano)  
C2H4+H+1.5O2=>OH+2CH2O                  .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
2DECALOL+H=>DECALOL+BCH4ENE+OH        .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
!OOHOOH to OOHO2 isomerization 
BCHOOHOOH=>BCH1OOHO2                1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.0)      
!O2 cleavage from OOHO2 
BCH1OOHO2=>BCH1OOH+O2          1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Livermore) 
BCH5OOHO2=>BCH5OOH+O2            1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Livermore) 
!OOH to O2 isomerization 
BCH1OOH=>BCH1O2              1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.0) 
BCH8OOH=>BCH8O2                1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.0) 
BCH5OOH=>BCH5O2                   1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.0) 
!O2 cleavage from peroxy 
BCH1O2=>BCH1+O2              1.357E+23    -2.36  3.767E+04 !c10H21o2-5=>c10h21-
5+o2 (Livermore) 
BCH8O2=>BCH8+O2               1.357E+23    -2.36  3.767E+04 !c10H21o2-5=>c10h21-
5+o2 (Livermore) 
BCH5O2=>BCH5+O2                 1.357E+23    -2.36  3.767E+04 !c10H21o2-5=>c10h21-
5+o2 (Livermore) 
!HO2 cleavage from OOH 
BCH1OOH=>BCH1ENE+HO2            .4500E+13      .000     24000  !NC10-
QOOH=>HO2+NC10H20 
!H-abstraction from C10H19 
BCH1+O2=>BCH1ENE+HO2           .5000E+12       .000       3500.0   ! 
O2+NC10H21=>NC10H20+HO2 (Milano) 
BCH8+O2=>BCH4ENE+HO2               .5000E+12       .000       3500.0   ! 
O2+NC10H21=>NC10H20+HO2 (Milano) 
BCH5+O2=>BCH1ENE+HO2              .5000E+12       .000       3500.0   ! 
O2+NC10H21=>NC10H20+HO2 (Milano) 
!Small species reactions 
OH+HO2=>H2O+O2                   .5000E+14      .000     1000.0 !OH+HO2=>H2O+O2 
(Milano) 
H+HO2=>H2+O2                      .2500E+14     .000     700.0  !H+HO2=>H2+O2 (Milano) 
H+O2+O2=>HO2+O2                    .8900E+15    .000     -2822.0 !H+O2+O2=>HO2+O2 
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H+O2+M=>HO2+M                    .4650E+13      .400     .0 !H+O2(+M)=>HO2(+M) 
(Milano) 
H+HO2=>OH+OH                     .2500E+15       .000    1900.0 !H+HO2=>OH+OH 
(Milano) 
H+OH+M=>H2O+M                       .4500E+23    -2.000     .0  !H+OH+M=>H2O+M 
(Milano) 
HO2+HO2=>H2O2+O2                  .2110E+13       .000      .0   !HO2+HO2=>H2O2+O2 
(Milano) 
OH+OH+M=>H2O2+M                   .7400E+14      -
.370    .0      !OH+OH(+M)=>H2O2(+M) (Milano) 
END 
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Appendix B: n-Butylcyclohexane Semi-Global Thermochemistry File 
 
 
 
 
THERMO 
   298.000  1000.000  5000.000 
BCH                     C  10H  20          G   300.000 5000.000 1385.000      1 
 3.17164512E+01 4.62499600E-02-1.60049576E-05 2.50510979E-09-1.46190444E-13    
2 
-4.34950389E+04-1.50254527E+02-9.65591843E+00 1.33756622E-01-8.24457307E-05    
3 
 2.34053852E-08-2.29382027E-12-2.83215187E+04 7.50048338E+01                   4 
H                       H   1               G   200.000 3500.000 1000.00       1 
 2.50000001E+00-2.30842973E-11 1.61561948E-14-4.73515235E-18 4.98197357E-22    
2 
 2.54736599E+04-4.46682914E-01 2.50000000E+00 7.05332819E-13-1.99591964E-15    
3 
 2.30081632E-18-9.27732332E-22 2.54736599E+04-4.46682853E-01 6.19742800E+03    
4 
BCH1                    C  10H  19          G   300.000 5000.000 1384.000      1 
 3.12925443E+01 4.41160650E-02-1.52806142E-05 2.39324955E-09-1.39725328E-13    
2 
-1.84270926E+04-1.45525781E+02-8.88802536E+00 1.29209739E-01-7.99738988E-05    
3 
 2.27722328E-08-2.23751589E-12-3.70869316E+03 7.31944976E+01                   4 
H2                      H   2               G   200.000 3500.000 1000.00       1 
 3.33727920E+00-4.94024731E-05 4.99456778E-07-1.79566394E-10 2.00255376E-14    
2 
-9.50158922E+02-3.20502331E+00 2.34433112E+00 7.98052075E-03-1.94781510E-05    
3 
 2.01572094E-08-7.37611761E-12-9.17935173E+02 6.83010238E-01 8.46810200E+03    
4 
O2                      O   2               G   200.000 3500.000 1000.000      1 
 3.28253784E+00 1.48308754E-03-7.57966669E-07 2.09470555E-10-2.16717794E-14    
2 
-1.08845772E+03 5.45323129E+00 3.78245636E+00-2.99673416E-03 9.84730201E-06    
3 
-9.68129509E-09 3.24372837E-12-1.06394356E+03 3.65767573E+00 8.68010400E+03    
4 
HO2                     H   1O   2          G   200.000 3500.000 1000.000      1 
 4.01721090E+00 2.23982013E-03-6.33658150E-07 1.14246370E-10-1.07908535E-14    
2 
 1.11856713E+02 3.78510215E+00 4.30179801E+00-4.74912051E-03 2.11582891E-05    
3 
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-2.42763894E-08 9.29225124E-12 2.94808040E+02 3.71666245E+00 1.00021620E+04    
4 
OH                      O   1H   1          G   200.000 6000.000 1000.00       1 
 2.86472886E+00 1.05650448E-03-2.59082758E-07 3.05218674E-11-1.33195876E-15    
2 
 3.71885774E+03 5.70164073E+00 4.12530561E+00-3.22544939E-03 6.52764691E-06    
3 
-5.79853643E-09 2.06237379E-12 3.38153812E+03-6.90432960E-01 4.51532273E+03    
4 
H2O                     H   2O   1          G   200.000 3500.000 1000.000      1 
 3.03399249E+00 2.17691804E-03-1.64072518E-07-9.70419870E-11 1.68200992E-14    
2 
-3.00042971E+04 4.96677010E+00 4.19864056E+00-2.03643410E-03 6.52040211E-06    
3 
-5.48797062E-09 1.77197817E-12-3.02937267E+04-8.49032208E-01 9.90409200E+03    
4 
CO                      C   1O   1          G   200.000 3500.000 1000.000      1 
 2.71518561E+00 2.06252743E-03-9.98825771E-07 2.30053008E-10-2.03647716E-14    
2 
-1.41518724E+04 7.81868772E+00 3.57953347E+00-6.10353680E-04 1.01681433E-06    
3 
 9.07005884E-10-9.04424499E-13-1.43440860E+04 3.50840928E+00 8.67100000E+03    
4 
CH2O                    H   2C   1O   1     G   200.000 3500.000 1000.000      1 
 1.76069008E+00 9.20000082E-03-4.42258813E-06 1.00641212E-09-8.83855640E-14    
2 
-1.39958323E+04 1.36563230E+01 4.79372315E+00-9.90833369E-03 3.73220008E-05    
3 
-3.79285261E-08 1.31772652E-11-1.43089567E+04 6.02812900E-01 1.00197170E+04    
4 
C6H10                   C   6H  10          G   300.00  5000.00  1000.00       1 
 1.00457E+01    3.42604E-02   -1.28037E-05    2.17489E-09   -1.39539E-13       2 
-6.40885E+03   -3.26015E+01   -5.76213E+00    7.22665E-02   -3.42070E-05       3 
-6.55031E-09    7.77014E-12   -1.87035E+03    5.02213E+01                      4 
BCHOOHOOH               C  10H  19O   4     G   300.000 5000.000 1380.000      1 
 4.27367025E+01 4.45943321E-02-1.57296988E-05 2.49300169E-09-1.46735315E-13    
2 
-3.93299001E+04-2.03033696E+02-1.46804185E+00 1.44354275E-01-1.02434885E-04    
3 
 3.73637979E-08-5.65746968E-12-2.34636332E+04 3.59002811E+01                   4 
BCH1ENE                 C  10H  18          G   300.000 5000.000 1393.000      1 
 2.90049448E+01 4.30790683E-02-1.48194285E-05 2.30985548E-09-1.34388188E-13    
2 
-2.71682635E+04-1.32994310E+02-7.98849623E+00 1.28305901E-01-8.97738146E-05    
3 
 3.23340998E-08-4.76578760E-12-1.41949622E+04 6.61181679E+01                   4 
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N2                      N   2               G   300.00  5000.00  1000.00       1 
 .292663788E+01 .148797700E-02-.568476030E-06 .100970400E-09-.675335090E-14    
2 
-.922795384E+03 .598054018E+01 .329867700E+01 .140823990E-02-.396322180E-05    
3 
 .564151480E-08-.244485400E-11-.102090000E+04 .395037200E+01                   4 
BCHOOHO                 C  10H  18O   3     G   300.000  5000.000 1380.000     1 
 3.84753933E+01 4.29206341E-02-1.51075075E-05 2.39111162E-09-1.40606472E-13    
2 
-6.49243316E+04-1.82560523E+02-2.60100526E+00 1.32159497E-01-8.77750456E-05    
3 
 2.89034950E-08-3.82468106E-12-4.99043300E+04 4.05744263E+01                   4 
BCH1O2                  C  10H  19O   2     G   300.000  5000.000 1379.000     1 
 3.52486254E+01 4.59475622E-02-1.61215605E-05 2.54631096E-09-1.49519871E-13    
2 
-3.74526043E+04-1.62902100E+02-6.15570234E+00 1.30234620E-01-7.65183589E-05    
3 
 1.97350886E-08-1.54576439E-12-2.18509136E+04 6.38463786E+01                   4 
BCH1OOH                 C  10H  19O   2     G   300.000  5000.000 1372.000     1 
 3.52300687E+01 4.59545035E-02-1.61223397E-05 2.54629127E-09-1.49513858E-13    
2 
-3.22594367E+04-1.60116478E+02-3.12547247E+00 1.17626065E-01-5.82998190E-05    
3 
 8.70098940E-09 8.44081806E-13-1.72008812E+04 5.21500189E+01                   4 
BCH1OOHO2               C  10H  19O   4     G   300.000  5000.000 1378.000     1 
 4.10245614E+01 4.56437332E-02-1.60967001E-05 2.55085972E-09-1.50128936E-13    
2 
-4.91726510E+04-1.91014084E+02-1.71252708E+00 1.36051212E-01-8.66185544E-05    
3 
 2.66257538E-08-3.18073703E-12-3.32973940E+04 4.20143871E+01                   4 
C2H4                    C   2H   4          G   200.000  3500.000  1000.000    1 
 2.03611116E+00 1.46454151E-02-6.71077915E-06 1.47222923E-09-1.25706061E-13    
2 
 4.93988614E+03 1.03053693E+01 3.95920148E+00-7.57052247E-03 5.70990292E-05    
3 
-6.91588753E-08 2.69884373E-11 5.08977593E+03 4.09733096E+00 1.05186890E+04    
4 
H2O2                    H   2O   2          G   200.000  3500.000  1000.000    1 
 4.16500285E+00 4.90831694E-03-1.90139225E-06 3.71185986E-10-2.87908305E-14    
2 
-1.78617877E+04 2.91615662E+00 4.27611269E+00-5.42822417E-04 1.67335701E-05    
3 
-2.15770813E-08 8.62454363E-12-1.77025821E+04 3.43505074E+00 1.11588350E+04    
4 
BCH8                    C  10H  19          G   300.000  5000.000  1376.000    1 
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 3.11137421E+01 4.38457574E-02-1.51034227E-05 2.35757761E-09-1.37346469E-13    
2 
-1.97932209E+04-1.43715235E+02-8.43325883E+00 1.24040251E-01-7.07409082E-05    
3 
 1.64921052E-08-7.74026155E-13-5.01803612E+03 7.27079054E+01                   4 
BCH8O2                  C  10H  19O   2     G   300.000  5000.000 1384.000     1 
 3.49605204E+01 4.56453593E-02-1.58916668E-05 2.49697012E-09-1.46090784E-13    
2 
-3.64374384E+04-1.61837631E+02-4.18268110E+00 1.30200840E-01-8.38751231E-05    
3 
 2.67090485E-08-3.37532544E-12-2.20987254E+04 5.09262323E+01                   4 
BCH8OOH                 C  10H  19O   2     G   300.000  5000.000 1386.000     1 
 3.65551063E+01 4.41858795E-02-1.53665021E-05 2.41285764E-09-1.41110603E-13    
2 
-2.94604279E+04-1.69487405E+02-4.53975618E+00 1.35350884E-01-9.11511276E-05    
3 
 3.05217063E-08-4.07511308E-12-1.47156734E+04 5.29191287E+01                   4 
DECALOL                 C  10H  18O   1     G   300.000  5000.000 1373.000     1 
 3.43462385E+01 4.34807454E-02-1.52277129E-05 2.40346243E-09-1.41103151E-13    
2 
-5.63659347E+04-1.78682714E+02-1.18974989E+01 1.42073255E-01-9.15939120E-05    
3 
 2.75563543E-08-3.03014469E-12-3.94445877E+04 7.28952157E+01                   4 
BCH4ENE                 C  10H  18          G   300.000  5000.000 1393.000     1 
 2.90049448E+01 4.30790683E-02-1.48194285E-05 2.30985548E-09-1.34388188E-13    
2 
-2.71682635E+04-1.31383842E+02-7.98849623E+00 1.28305901E-01-8.97738146E-05    
3 
 3.23340998E-08-4.76578760E-12-1.41949622E+04 6.77286359E+01                   4 
BCH5                    C  10H  19          G   300.000  5000.000 1375.000     1 
 2.97531345E+01 4.54307455E-02-1.57353445E-05 2.46432828E-09-1.43867042E-13    
2 
-2.02288205E+04-1.35480634E+02-5.57635584E+00 1.11755533E-01-5.48518080E-05    
3 
 8.07610978E-09 8.35131833E-13-6.42969043E+03 5.98606839E+01                   4 
BCH5O2                  C  10H  19O   2     G   300.000  5000.000 1385.000     1 
 3.49248136E+01 4.55712616E-02-1.58416879E-05 2.48652061E-09-1.45371876E-13    
2 
-3.75413505E+04-1.62127384E+02-3.69947455E+00 1.30415587E-01-8.60896276E-05    
3 
 2.87018294E-08-3.89068048E-12-2.35097444E+04 4.73554995E+01                   4 
BCH5OOH                 C  10H  19O   2     G   300.000  5000.000 1387.000     1 
 3.65183197E+01 4.41137833E-02-1.53174409E-05 2.40257403E-09-1.40402239E-13    
2 
-3.05640507E+04-1.69771387E+02-4.05828452E+00 1.35573869E-01-9.33795949E-05    
3 
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 3.25244173E-08-4.59289923E-12-1.61264364E+04 4.93563621E+01                   4 
BCH5OOHO2               C  10H  19O   4     G   300.000  5000.000 1386.000     1 
 4.03239454E+01 4.54547869E-02-1.58523862E-05 2.49362042E-09-1.46009127E-13    
2 
-5.01023031E+04-1.85397217E+02-9.99518328E-01 1.37234003E-01-9.27934542E-05    
3 
 3.15823421E-08-4.35367988E-12-3.52283578E+04 3.83053588E+01                   4 
C6O                     C   6H  10O   1     G   300.000  5000.000 1363.000     1 
 1.94120772E+01 2.57932734E-02-9.15293620E-06 1.45651780E-09-8.59714369E-14    
2 
-3.61722822E+04-8.74648049E+01-3.59213527E+00 6.74888890E-02-3.20856570E-05    
3 
 3.73611049E-09 7.84538776E-13-2.69775629E+04 4.03623411E+01                   4 
END                                                                              
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Appendix C: n-Butylcyclohexane Semi-Detailed Kinetic File 
 
 
 
 
SPECIES 
! 
!Cyclohexylperoxy radicals 
OOBcy1 
OOBcy2 
OOBcy3 
OOBcy4 
OOBcy6 
OOBcy7  
OOEcy1 
OOMcy1 
OOcy1 
! 
!Cyclohexylhydroperoxy radicals 
OOHBcy1 
OOHBcy2 
OOHBcy3 
OOHBcy4 
OOHBcy6 
OOHBcy7  
OOHEcy1 
OOHMcy1 
OOHcy1 
! 
!Peroxycyclohexylhydroperoxy radicals 
OOOOHBcy2 
OOOOHBcy3 
OOOOHBcy4 
OOOOHEcy1 
OOOOHMcy1 
OOOOHcy1 
! 
!Ketocyclohexylhydroperoxides 
OOHOBcy2 
OOHOBcy3 
OOHOBcy4 
OOHOEcy1 
OOHOMcy1 
OOHOcy1 
! 
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!Cycloalkanoyl radicals 
OPcy1 
OMcy1 
! 
!Ketocycloalykl radicals 
OPcy2 
OPcy3 
! 
!Oxoalykl radicals 
C3H6CHO 
C2H4CHO 
! 
!Cycloalkenes 
Bcy1ene 
Bcy4ene 
! 
!Dicycloalkanes 
T9DECALOL 
! 
!Cycloketones 
Ocy 
! 
!Cyclohexyl radicals 
cy1 
REACTIONS 
! Low-T C10H19 
!O2 addition to cyclohexyl radical to form cyclohexylperoxy radical 
PXC4H8cC6H11+O2=>OOBcy1                  .2000E+13       .000     .0 !O2+NC10H21=>
NC10H21-OO (Milano) 
SXC4H8cC6H11+O2=>OOBcy2                  .2000E+13       .000     .0 !O2+NC10H21=>
NC10H21-OO (Milano) 
S2XC4H8cC6H11+O2=>OOBcy3                 .2000E+13       .000     .0 !O2+NC10H21=>
NC10H21-OO (Milano) 
S3XC4H8cC6H11+O2=>OOBcy4                 .2000E+13       .000     .0 !O2+NC10H21=>
NC10H21-OO (Milano) 
C4H9S2XcC6H10+O2=>OOBcy6                 .2000E+13       .000     .0 !O2+NC10H21=>
NC10H21-OO (Milano) 
C4H9S3XcC6H10+O2=>OOBcy7                 .2000E+13       .000     .0 !O2+NC10H21=>
NC10H21-OO (Milano) 
PXC2H4cC6H11+O2=>OOEcy1                  .2000E+13       .000     .0 !O2+NC10H21=>
NC10H21-OO (Milano) 
PXCH2cC6H11+O2=>OOMcy1                   .2000E+13       .000     .0 !O2+NC10H21=>
NC10H21-OO (Milano) 
cy1+O2=>OOcy1                            .2000E+13       .000     .0 !O2+NC10H21=>NC10H21
-OO (Milano) 
!Isomerization from cyclohexylperoxy radical to form cyclohexylhydroperoxy radical 
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OOBcy1=>OOHBcy1                          .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
OOBcy2=>OOHBcy2                          .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
OOBcy3=>OOHBcy3                          .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
OOBcy4=>OOHBcy4                          .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
OOBcy6=>OOHBcy6                          .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
OOBcy7=>OOHBcy7                          .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
OOEcy1=>OOHEcy1                          .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
OOMcy1=>OOHMcy1                          .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
OOcy1=>OOHcy1                            .3000E+13      .000      24000.0 !NC10H21-
OO=>NC10-QOOH (Milano) 
!O2 addition to cyclohexylhydroperoxy radical to form peroxycyclohexylhydroperoxy 
radical 
OOHBcy2+O2=>OOOOHBcy2                    .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
OOHBcy3+O2=>OOOOHBcy3                    .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
OOHBcy4+O2=>OOOOHBcy4                    .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
OOHEcy1+O2=>OOOOHEcy1                    .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
OOHMcy1+O2=>OOOOHMcy1                    .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
OOHcy1+O2=>OOOOHcy1                      .2000E+13      .000       .0 !NC10-
QOOH+O2=>NC10-OOQOOH (Milano) 
!Isomerization from peroxycyclohexylhydroperoxy radical to form 
ketocyclohexylhydroperoxide 
OOOOHBcy2=>OH+OOHOBcy2                   .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH (Milano)                            
OOOOHBcy3=>OH+OOHOBcy3                   .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH (Milano) 
OOOOHBcy4=>OH+OOHOBcy4                   .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH (Milano) 
OOOOHEcy1=>OH+OOHOEcy1                   .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH (Milano) 
OOOOHMcy1=>OH+OOHOMcy1                   .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH (Milano) 
OOOOHcy1=>OH+OOHOcy1                     .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH (Milano) 
 150
!Decomposition of ketocyclohexylhydroperoxide 
OOHOBcy2=>OH+CH2O+OPcy1                  .1850E+15  .000    40300.0 !NC10-
OQOOH=>OH+CH3CO+CH2O+.45NC10H20+.5NC5H10 (Milano)  
OOHOBcy3=>OH+CH2O+OPcy2                  .1850E+15  .000    40300.0 !NC10-
OQOOH=>OH+CH3CO+CH2O+.45NC10H20+.5NC5H10 (Milano)  
OOHOBcy4=>OH+CH2O+OPcy3                  .1850E+15  .000    40300.0 !NC10-
OQOOH=>OH+CH3CO+CH2O+.45NC10H20+.5NC5H10 (Milano)  
OOHOEcy1=>OH+C2H4+CH2CO+C3H6CHO          .1850E+15  .000    
40300.0 !NC10-OQOOH=>OH+CH3CO+CH2O+.45NC10H20+.5NC5H10 
(Milano)  
OOHOMcy1=>OH+C2H4+CH2CO+C2H4CHO          .1850E+15  .000    
40300.0 !NC10-OQOOH=>OH+CH3CO+CH2O+.45NC10H20+.5NC5H10 
(Milano)  
OOHOcy1=>OH+C2H4+CH2CO+CH2CHO            .1850E+15  .000    40300.0 !NC10-
OQOOH=>OH+CH3CO+CH2O+.45NC10H20+.5NC5H10 (Milano) 
!Decomposition of cyclohexylhydroperoxide 
OOHBcy1=>OH+CO+CH3+PXC2H4cC6H11           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1)  
!Decomposition of cycloalkanoyl radical 
OPcy1=>PXC2H4cC6H11+CO                            1.000E+11  0.00  
9.600E+03 !nc9h19co=>c9h19-1+co   (Westbrook 2009) 
OMcy1=>cy1+CO                             1.000E+11  0.00  9.600E+03 !nc8h17co=c8h17-
1+co  (Westbrook 2009) 
!Decomposition of ketocycloalkyl radical 
OPcy2=>PXCH2cC6H11+CH2CO                         2.000e+13  0.00  
31000  !c7h15coch2=>c7h15-1+ch2co (Westbrook 2009)                                    
OPcy3=>OMcy1+C2H4                         5.000e+17  -1.5  
26000 !c6coc2h4p=>nc6h13co+c2h4 (Westbrook 2009) 
!H-abstraction from butylcyclohexyl radical to form cycloalkene 
C4H9TXcC6H10+O2=>Bcy1ene+HO2             .5000E+12       .000       3500.0   ! 
O2+NC10H21=>NC10H20+HO2 (Milano) 
C4H9S4XcC6H10+O2=>Bcy4ene+HO2            .5000E+12       .000       3500.0   ! 
O2+NC10H21=>NC10H20+HO2 (Milano) 
!Decomposition of cyclohexylhydroperoxy radical 
OOHBcy6=>T9DECALOL+OH                    .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH 
OOHBcy7=>Ocy+C4H81+OH                    .1000E+13      .000       23000.0 !NC10-
OOQOOH=>NC10-OQOOH+OH 
!O2 cleavage from peroxycyclohexylhydroperoxy radical to form cyclohexylhydroperoxy 
radical 
OOOOHBcy2=>OOHBcy2+O2                     1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOOOHBcy3=>OOHBcy3+O2                     1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOOOHBcy4=>OOHBcy4+O2                     1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
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OOOOHEcy1=>OOHEcy1+O2                     1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOOOHMcy1=>OOHMcy1+O2                     1.357E+23    -2.36  
3.767E+04 !c10H21o2-5=>c10h21-5+o2 (Westbrook 2009) 
OOOOHcy1=>OOHcy1+O2                       1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
!Isomerization from cyclohexylhydroperoxy radical to form cyclohexylperoxy radical 
OOHBcy1=>OOBcy1                           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
OOHBcy2=>OOBcy2                           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
OOHBcy3=>OOBcy3                           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
OOHBcy4=>OOBcy4                           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
OOHBcy6=>OOBcy6                           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
OOHBcy7=>OOBcy7                           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
OOHEcy1=>OOEcy1                           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
OOHMcy1=>OOMcy1                           1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
OOHcy1=>OOcy1                             1.00E+11   0.00   
12500.0 !PC12OOHX2=>PC12H25O2 (JetSurF 1.1) 
!O2 cleavage from cyclohexylperoxy radical to form cyclohexyl radical 
OOBcy1=>PXC4H8cC6H11+O2                   1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOBcy2=>SXC4H8cC6H11+O2                   1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOBcy3=>S2XC4H8cC6H11+O2                  1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOBcy4=>S3XC4H8cC6H11+O2                  1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOBcy6=>C4H9S2XcC6H10+O2                  1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOBcy7=>C4H9S3XcC6H10+O2                  1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOEcy1=>PXC2H4cC6H11+O2                   1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOMcy1=>PXCH2cC6H11+O2                    1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
OOcy1=>cy1+O2                             1.357E+23    -2.36  3.767E+04 !c10H21o2-
5=>c10h21-5+o2 (Westbrook 2009) 
!Decomposition of oxoalykyl radical 
 152
C2H4CHO=>C2H4+HCO                         3.127E+13  -0.52  
2.459E+04 !ch2ch2cho=>c2h4+hco (Westbrook 2009) 
C3H6CHO=>C2H4+CH2CHO                      7.400E+11  0.00  2.197E+04 !c3h6cho-
1=>c2h4+ch2cho (Westbrook 2009) 
!Decomposition of ketene 
CH2CO+OH=>HCO+CH2O                        .2800E+14   .000       .0 !OH+CH2CO=>HC
O+CH2O (Milano) 
CH2CO+OH=>CH3+CO2                         .3000E+13   .000       .0 !OH+CH2CO=>CH3+
CO2 (Milano) 
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Appendix D: n-Butylcyclohexane Semi-Detailed Thermochemistry File 
 
 
 
 
THERMO 
   298.000  1000.000  5000.000 
OOBcy1                  C  10H  19O   2     G   300.000 5000.000 1383.00       1 
 3.48843107E+01 4.58896151E-02-1.60176446E-05 2.52114042E-09-1.47685575E-13    
2 
-3.79157789E+04-1.61404750E+02-5.58179697E+00 1.29871869E-01-7.81953140E-05    
3 
 2.13609267E-08-1.94931612E-12-2.28496682E+04 5.95981619E+01                   4 
OOHBcy1                 C  10H  19O   2    0G   300.000 5000.000 1375.00       1 
 3.68165909E+01 4.31405182E-02-1.48440045E-05 2.31600314E-09-1.34900412E-13    
2 
-3.24356880E+04-1.69995144E+02-5.99956802E+00 1.31932820E-01-7.87094793E-05    
3 
 1.98382132E-08-1.27589263E-12-1.66947332E+04 6.35227600E+01                   4 
OOBcy2                  C  10H  19O   2     G   300.000 5000.000 1386.00       1 
 3.52292189E+01 4.55020643E-02-1.58626445E-05 2.49469624E-09-1.46053856E-13    
2 
-3.97116700E+04-1.63253608E+02-6.46268460E+00 1.35019036E-01-8.61294677E-05    
3 
 2.61714782E-08-2.97407026E-12-2.44960507E+04 6.33694853E+01                   4 
OOHBcy2                 C  10H  19O   2     G   300.000 5000.000 1389.00       1 
 3.68170810E+01 4.40538070E-02-1.53424494E-05 2.41146439E-09-1.41128902E-13    
2 
-3.27324568E+04-1.70866799E+02-6.84515703E+00 1.40284567E-01-9.35872979E-05    
3 
 3.01031758E-08-3.70121357E-12-1.71091755E+04 6.54797371E+01                   4 
OOBcy3                  C  10H  19O   2     G   300.000 5000.000 1386.00       1 
 3.52292189E+01 4.55020643E-02-1.58626445E-05 2.49469624E-09-1.46053856E-13    
2 
-3.97116700E+04-1.62850991E+02-6.46268460E+00 1.35019036E-01-8.61294677E-05    
3 
 2.61714782E-08-2.97407026E-12-2.44960507E+04 6.37721023E+01                   4 
OOHBcy3                 C  10H  19O   2     G   300.000 5000.000 1389.00       1 
 3.68170810E+01 4.40538070E-02-1.53424494E-05 2.41146439E-09-1.41128902E-13    
2 
-3.27324568E+04-1.70464182E+02-6.84515703E+00 1.40284567E-01-9.35872979E-05    
3 
 3.01031758E-08-3.70121357E-12-1.71091755E+04 6.58823541E+01                   4 
OOBcy4                  C  10H  19O   2     G   300.000 5000.000 1386.00       1 
 154
 3.52292189E+01 4.55020643E-02-1.58626445E-05 2.49469624E-09-1.46053856E-13    
2 
-3.97116700E+04-1.63253608E+02-6.46268460E+00 1.35019036E-01-8.61294677E-05    
3 
 2.61714782E-08-2.97407026E-12-2.44960507E+04 6.33694853E+01                   4 
OOHBcy4                 C  10H  19O   2     G   300.000 5000.000 1389.00       1 
 3.68170810E+01 4.40538070E-02-1.53424494E-05 2.41146439E-09-1.41128902E-13    
2 
-3.27324568E+04-1.70866799E+02-6.84515703E+00 1.40284567E-01-9.35872979E-05    
3 
 3.01031758E-08-3.70121357E-12-1.71091755E+04 6.54797371E+01                   4 
OOBcy6                  C  10H  19O   2     G   300.000 5000.000 1386.00       1  
 3.52292189E+01 4.55020643E-02-1.58626445E-05 2.49469624E-09-1.46053856E-13    
2 
-3.97116700E+04-1.63253608E+02-6.46268460E+00 1.35019036E-01-8.61294677E-05    
3 
 2.61714782E-08-2.97407026E-12-2.44960507E+04 6.33694853E+01                   4 
OOHBcy6                 C  10H  19O   2     G   300.000 5000.000 1380.00       1 
 3.72049167E+01 4.26830979E-02-1.46588488E-05 2.28431519E-09-1.32944484E-13    
2 
-3.42484245E+04-1.72087010E+02-6.87365675E+00 1.37033040E-01-8.65355736E-05    
3 
 2.45542055E-08-2.27505290E-12-1.83418360E+04 6.72653255E+01                   4 
OOBcy7                  C  10H  19O   2     G   300.000 5000.000 1386.00       1 
 3.52292189E+01 4.55020643E-02-1.58626445E-05 2.49469624E-09-1.46053856E-13    
2 
-3.97116700E+04-1.63766945E+02-6.46268460E+00 1.35019036E-01-8.61294677E-05    
3 
 2.61714782E-08-2.97407026E-12-2.44960507E+04 6.28561486E+01                   4 
OOHBcy7                 C  10H  19O   2     G   300.000 5000.000 1381.00       1 
 3.52804713E+01 4.53619002E-02-1.57939627E-05 2.48194151E-09-1.45231527E-13    
2 
-3.45337864E+04-1.61348075E+02-3.54575542E+00 1.22886694E-01-6.85420384E-05    
3 
 1.54470139E-08-6.35690498E-13-1.98284157E+04 5.16887650E+01                   4 
OOOOHBcy2               C  10H  19O   4     G   300.000 5000.000 1387.00       1 
 4.06267599E+01 4.53752233E-02-1.58673141E-05 2.50061067E-09-1.46612550E-13    
2 
-5.22767060E+04-1.87037802E+02-3.93820021E+00 1.42508165E-01-9.37788293E-05    
3 
 2.96156241E-08-3.55784485E-12-3.61848614E+04 5.46430878E+01                   4 
OOOOHBcy3               C  10H  19O   4     G   300.000 5000.000 1387.00       1 
 4.06267599E+01 4.53752233E-02-1.58673141E-05 2.50061067E-09-1.46612550E-13    
2 
-5.22767060E+04-1.87218980E+02-3.93820021E+00 1.42508165E-01-9.37788293E-05    
3 
 155
 2.96156241E-08-3.55784485E-12-3.61848614E+04 5.44619102E+01                   4 
OOOOHBcy4               C  10H  19O   4     G   300.000 5000.000 1387.00       1 
 4.06267599E+01 4.53752233E-02-1.58673141E-05 2.50061067E-09-1.46612550E-13    
2 
-5.22767060E+04-1.87374994E+02-3.93820021E+00 1.42508165E-01-9.37788293E-05    
3 
 2.96156241E-08-3.55784485E-12-3.61848614E+04 5.43058961E+01                   4 
OOEcy1                  C   8H  15O   2     G   300.000 5000.000 1381.00       1 
 2.85599300E+01 3.68746892E-02-1.29182910E-05 2.03832855E-09-1.19609138E-13    
2 
-2.97219625E+04-1.30289876E+02-5.22180324E+00 1.05869406E-01-6.22738265E-05    
3 
 1.58683667E-08-1.16328509E-12-1.70580937E+04 5.45610798E+01                   4 
OOHEcy1                 C   8H  15O   2     G   300.000 5000.000 1683.00       1 
 2.61633921E+01 3.97763880E-02-1.42773428E-05 2.30141030E-09-1.37373574E-13    
2 
-2.17551884E+04-1.13301239E+02-6.48917854E+00 1.12611131E-01-7.14493782E-05    
3 
 2.08721981E-08-2.19611468E-12-1.07934642E+04 6.22614897E+01                   4 
OOMcy1                  C   7H  13O   2     G   300.000 5000.000 1379.00       1 
 2.54006985E+01 3.23616266E-02-1.13660392E-05 1.79645675E-09-1.05541304E-13    
2 
-2.56258731E+04-1.14748341E+02-5.04265278E+00 9.38703858E-02-5.43122621E-05    
3 
 1.31181980E-08-7.68756053E-13-1.41621526E+04 5.20466970E+01                   4 
OOHMcy1                 C   7H  13O   2     G   300.000 5000.000 1675.00       1 
 2.32310336E+01 3.50434334E-02-1.26247694E-05 2.03985483E-09-1.21956105E-13    
2 
-1.78326347E+04-9.88857040E+01-6.20261019E+00 1.00231462E-01-6.31341744E-05    
3 
 1.80588493E-08-1.81484157E-12-7.91562436E+03 5.95203043E+01                   4 
OOcy1                   C   6H  11O   2     G   300.000 5000.000 1379.00       1 
 2.23723502E+01 2.76799389E-02-9.74217376E-06 1.54194767E-09-9.06767646E-14    
2 
-2.21016858E+04-9.98230914E+01-4.91663898E+00 8.36156703E-02-4.98338842E-05    
3 
 1.27483629E-08-9.18573704E-13-1.19155620E+04 4.93894708E+01                   4 
OOHcy1                  C   6H  11O   2     G   300.000 5000.000 1673.00       1 
 2.05747183E+01 2.99483241E-02-1.08170150E-05 1.75074654E-09-1.04794270E-13    
2 
-1.45577832E+04-8.62229995E+01-5.94368947E+00 8.93095904E-02-5.75559682E-05    
3 
 1.69630931E-08-1.79066160E-12-5.68737143E+03 5.62619263E+01                   4 
OOOOHEcy1               C   8H  15O   4     G   300.000 5000.000 1380.00       1 
 3.54111595E+01 3.49342755E-02-1.23602455E-05 1.96319655E-09-1.15731046E-13    
2 
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-4.45957644E+04-1.61817248E+02-3.42031068E+00 1.17449686E-01-7.54021195E-05    
3 
 2.19979552E-08-2.22101559E-12-3.04111792E+04 4.94431268E+01                   4 
OOOOHMcy1               C   7H  13O   4     G   300.000 5000.000 1384.00       1 
 3.11725406E+01 3.18031287E-02-1.11963637E-05 1.77248561E-09-1.04251102E-13    
2 
-3.99920721E+04-1.40021347E+02-3.31843047E+00 1.06194388E-01-6.94074540E-05    
3 
 2.10432847E-08-2.29900848E-12-2.75112037E+04 4.72197512E+01                   4 
OOOOHcy1                C   6H  11O   4     G   300.000 5000.000 1386.00       1 
 2.81643825E+01 2.70787755E-02-9.55221198E-06 1.51423647E-09-8.91457979E-14    
2 
-3.64724064E+04-1.25203647E+02-3.28956238E+00 9.63507262E-02-6.55056629E-05    
3 
 2.09993056E-08-2.51428587E-12-2.52494381E+04 4.50163443E+01                   4 
OOHOBcy2                C  10H  18O   3     G   300.000 5000.000 1379.00       1 
 3.79317805E+01 4.31820959E-02-1.51553723E-05 2.39433766E-09-1.40627800E-13    
2 
-6.96089908E+04-1.75425969E+02-4.87088411E+00 1.33396330E-01-8.35688125E-05    
3 
 2.40210408E-08-2.41330325E-12-5.38451927E+04 5.77931194E+01                   4 
OOHOBcy3                C  10H  18O   3     G   300.000 5000.000 1379.00       1 
 3.79821199E+01 4.29205189E-02-1.50177689E-05 2.36800606E-09-1.38900756E-13    
2 
-6.96245625E+04-1.75807201E+02-4.74049334E+00 1.34974710E-01-8.78272788E-05    
3 
 2.72949850E-08-3.21670315E-12-5.40585733E+04 5.63188016E+01                   4 
OOHOBcy4                C  10H  18O   3     G   300.000 5000.000 1382.00       1 
 3.80022928E+01 4.31949116E-02-1.51752626E-05 2.39900389E-09-1.40961105E-13    
2 
-6.95523818E+04-1.75991751E+02-5.84021312E+00 1.37656466E-01-8.96783386E-05    
3 
 2.76943960E-08-3.20464716E-12-5.35977911E+04 6.21858105E+01                   4 
OOHOEcy1                C   8H  14O   3     G   300.000 5000.000 1381.00       1 
 3.23332446E+01 3.32532878E-02-1.16752211E-05 1.84527837E-09-1.08419169E-13    
2 
-5.94168820E+04-1.48887694E+02-5.02638455E+00 1.14811621E-01-7.67561190E-05    
3 
 2.41222048E-08-2.80963155E-12-4.60023015E+04 5.35699593E+01                   4 
OOHOMcy1                C   7H  12O   3     G   300.000 5000.000 1383.00       1 
 2.92842886E+01 2.88605772E-02-1.02110184E-05 1.62193311E-09-9.56216156E-14    
2 
-5.52789248E+04-1.34255523E+02-5.98786200E+00 1.05574085E-01-7.05785244E-05    
3 
 2.16103986E-08-2.34600055E-12-4.26372265E+04 5.69037484E+01                   4 
OOHOcy1                 C   6H  10O   3     G   300.000 5000.000 1373.00       1 
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 2.49622443E+01 2.53650254E-02-9.01393500E-06 1.43573487E-09-8.47984532E-14    
2 
-5.04895296E+04-1.11044185E+02-1.16278644E+00 8.12406181E-02-5.36251604E-05    
3 
 1.73497898E-08-2.24724320E-12-4.08256697E+04 3.12256437E+01                   4 
OPcy1                   C   9H  15O   1     G   300.000 5000.000 1685.00       1 
 2.49240215E+01 4.11777876E-02-1.48434828E-05 2.39887111E-09-1.43429171E-13    
2 
-2.29149925E+04-1.07620793E+02-6.57474231E+00 1.09394007E-01-6.59861878E-05    
3 
 1.77704342E-08-1.60458451E-12-1.21318980E+04 6.24900864E+01                   4 
OMcy1                   C   7H  11O   1     G   300.000 5000.000 1553.00       1 
 2.32963162E+01 2.65393813E-02-9.28715969E-06 1.46583217E-09-8.60795195E-14    
2 
-1.73694682E+04-1.04665750E+02-6.62683978E+00 8.38128535E-02-4.33239116E-05    
3 
 6.01684076E-09 9.49426301E-13-5.95876938E+03 6.01194568E+01                   4 
OPcy2                   C   9H  15O   1     G   300.000 5000.000 1375.00       1 
 2.90629253E+01 3.64412667E-02-1.27718058E-05 2.01612745E-09-1.18354306E-13    
2 
-2.79169690E+04-1.32095826E+02-6.62427548E+00 1.09972771E-01-6.61876875E-05    
3 
 1.74826525E-08-1.41538366E-12-1.46166890E+04 6.29329662E+01                   4 
OPcy3                   C   9H  15O   1     G   300.000 5000.000 1379.00       1 
 2.89864585E+01 3.67626889E-02-1.29371988E-05 2.04744486E-09-1.20394804E-13    
2 
-2.78297395E+04-1.31605762E+02-7.38019094E+00 1.13322520E-01-7.11026132E-05    
3 
 2.05894920E-08-2.11803622E-12-1.44019293E+04 6.66197433E+01                   4 
Bcy1ene                 C  10H  18          G   300.000 5000.000 1382.00       1 
 3.04489635E+01 4.27078879E-02-1.48869461E-05 2.34126649E-09-1.37077645E-13    
2 
-2.95813672E+04-1.43522998E+02-8.80711328E+00 1.25334605E-01-7.74238708E-05    
3 
 2.20383457E-08-2.18880831E-12-1.51065936E+04 7.04200592E+01                   4 
Bcy4ene                 C  10H  18          G   300.000 5000.000 1384.00       1 
 3.04623621E+01 4.28742345E-02-1.49832260E-05 2.36031289E-09-1.38348178E-13    
2 
-2.90618795E+04-1.44016142E+02-1.00397084E+01 1.29217003E-01-8.18322630E-05    
3 
 2.43171821E-08-2.63428508E-12-1.42328138E+04 7.63362206E+01                   4 
Ocy                     C   6H  10O   1    0G   300.000 5000.000 1369.00       1 
 1.91695197E+01 2.59783333E-02-9.21072614E-06 1.46479349E-09-8.64194611E-14    
2 
-3.61248894E+04-8.64838901E+01-2.79929080E+00 6.84959710E-02-3.79049930E-05    
3 
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 9.06596276E-09-6.45114729E-13-2.74889219E+04 3.48432058E+01                   4 
T9DECALOL               C  10H  18O   1    0G   300.000 5000.000 1376.00       1 
 3.47824287E+01 4.33159377E-02-1.52152055E-05 2.40605973E-09-1.41436864E-13    
2 
-6.28638645E+04-1.80346338E+02-1.69997494E+01 1.54140456E-01-9.98128359E-05    
3 
 2.88075682E-08-2.74155638E-12-4.41571853E+04 1.00875626E+02                   4 
cy1                SilkeC   6H  11    0    0g   300.000  5000.000 1674.000     1 
 1.46798830e+01 3.09324453e-02-1.12934485e-05 1.83887582e-09-1.10464203e-13    2 
-1.97524175e+02-5.97110239e+01-7.57310296e+00 7.66896480e-02-4.24441426e-05    
3 
 9.41423236e-09-4.39999709e-13 7.64576045e+03 6.13226976e+01                   4 
C2H4CHO        WestbrookC   3H   5O   1    0g   300.000  5000.000 1371.000     1 
 9.97669730e+00 1.15899378e-02-3.93593247e-06 6.08601507e-10-3.52246874e-14    2 
-2.41115816e+03-2.36014420e+01 2.95202753e+00 2.48297051e-02-1.23487153e-05    
3 
 2.49449869e-09-8.44820689e-14 3.85181944e+02 1.53181388e+01                   4 
C3H6CHO        WestbrookC   4H   7O   1    0g   300.000  5000.000 1379.000     1 
 1.30322954e+01 1.62418373e-02-5.54388124e-06 8.59723685e-10-4.98459726e-14    2 
-6.45915975e+03-3.92399021e+01 2.67672303e+00 3.73064128e-02-2.11281405e-05    
3 
5.80472681e-09-6.09688236e-13-2.49714183e+03 1.75750933e+01                   4
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